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A B S T R A C T
Human biomonitoring measures the concentrations of environmental chemicals or their metabolites in body
fluids or tissues. Complementing exposure biomarkers with mechanistically based effect biomarkers may further
elucidate causal pathways between chemical exposure and adverse health outcomes. We combined information
on effect biomarkers previously implemented in human observational studies with mechanisms of action re-
ported in experimental studies and with information from published Adverse Outcome Pathways (AOPs), fo-
cusing on adverse reproductive effects of phthalate exposure. Phthalates constitute a group of chemicals that are
ubiquitous in consumer products and have been related to a wide range of adverse health effects. As a result of a
comprehensive literature search, we present an overview of effect biomarkers for reproductive toxicity that are
substantiated by mechanistic information. The activation of several receptors, such as PPARα, PPARγ, and GR,
may initiate events leading to impaired male and female fertility as well as other adverse effects of phthalate
exposure. Therefore, these receptors appear as promising targets for the development of novel effect biomarkers.
The proposed strategy connects the fields of epidemiology and toxicology and may strengthen the weight of
evidence in observational studies that link chemical exposures to health outcomes.
1. Introduction
Human biomonitoring is a method for assessing human exposure to
environmental chemicals by measuring these compounds or their me-
tabolites in non-invasive human biological specimens such as urine,
blood, hair and other tissues (NAS, 2017). Exposure biomarkers provide
a measure of the actual exposure to specific environmental chemicals
by integrating all sources and exposure routes, facilitating the evalua-
tion of relationships between exposure and adverse health effects, thus
supporting policy making (Joas et al., 2017). The HBM4EU project
(https://www.hbm4eu.eu) aims to coordinate and advance human
biomonitoring in Europe. The project represents a joint effort of 28
countries, the European Environment Agency, and the European Com-
mission, co-funded by Horizon 2020) (Ganzleben et al., 2017). One of
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the objectives of HBM4EU is to generate scientific evidence on the
causal relationships between exposure to prioritized chemical stressors
and adverse health effects with public health implications. To this end,
biomarkers of exposure are complemented with biomarkers of effect,
which are measurable molecular, cellular, biochemical, physiologic,
behavioural, structural or other alterations in an organism occurring
along the temporal and mechanistic pathways connecting exposure to
chemicals and an established or possible health impairment or disease
(Council, 2006). According to the ‘meet in the middle approach’ (Vineis
et al., 2013), demonstration of associations between (i) chemical ex-
posure and disease, (ii) chemical exposure and a preclinical effect, and
(iii) the preclinical effect marker and the disease strengthens the in-
ference of a causal relationship between exposure and health outcomes
(NAS, 2017). Consequently, the identification of adequate effect bio-
markers requires epidemiological, experimental, and mechanistic in-
formation related to the chemical compound of interest.
The mechanistic association between effect biomarkers and health
outcomes can be systematically explored by making use of information
collected in Adverse Outcome Pathways (AOPs) (Escher et al., 2017;
Leist et al., 2017; NAS, 2017). An AOP is a conceptual construct that
describes a sequential chain of causally linked events at different levels
of biological organization that lead to an adverse human or ecological
health effect, based on existing knowledge. AOPs represent biologically
plausible and empirically supported links between a series of Key
Events (KE), which are measurable downstream changes at the mole-
cular, cellular, tissue, organ, individual, and population level, from a
Molecular Initiating Event (MIE, a KE that forms the initial point of
chemical interaction) to an Adverse Outcome (AO). The connection
between two key events is called a Key Event Relationship (KER)
(OECD, 2017; Vinken et al., 2017). The AOP-Wiki (https://aopwiki.org)
is an open-source platform that provides a detailed and searchable
description of AOPs under various stages of development. The AOP
concept was originally designed to support regulatory risk assessment
by disclosing all existing toxicity information and identifying targets for
analysis using alternative test methods. Here, we demonstrate a
strategy to link effect biomarkers to MIEs and KEs of AOPs to strengthen
the weight of evidence for a causal relationship between chemical ex-
posure and adverse health outcomes, focusing on adverse reproductive
effects of phthalate exposure.
Phthalates are a group of manmade chemicals that are used as
solvents for cosmetics, personal care and cleaning products, pharma-
ceuticals, and pesticides or as plasticizers to improve flexibility of a
wide variety of consumer products including medical devices, children's
toys, food packaging, and building materials. Phthalates migrate from
these products resulting in environmental release and human exposure
via ingestion, inhalation, absorption through the skin, or parenteral
medical applications. Phthalates can also pass the placental barrier.
Simultaneous exposure to multiple phthalates has been observed across
the lifespan and their presence was demonstrated in blood, urine, cord
blood, sperm, and breast milk samples (Benjamin et al., 2017; Karaconji
et al., 2017; NRC, 2008). Around 75–100% of the population is exposed
to phthalates on a daily basis due to large production volumes, wide-
spread use, and environmental contamination (Hannon and Flaws,
2015). Exposure to di(2-ethylhexyl) phthalate (DEHP), as the first and
most commonly used phthalate compound in consumer products, has
been studied most extensively (Karaconji et al., 2017). Phthalates (in
particular diesters of 1,2-benzenedicarboxylic acid, the o-phthalates)
have been shown to cause a variety of adverse health effects in la-
boratory animals. The adverse effects on development of the re-
productive system of male offspring of rats, exposed during pregnancy,
have particularly raised concern. Those effects are specifically related
to dibutyl, butylbenzyl, dipentyl, and diethylhexyl phthalate exposures,
and include androgen insufficiency, cryptorchidism, hypospadias, re-
productive tract malformations (e.g. reduced anogenital distance), and
infertility and decreased sperm count later in life, collectively referred
to as the ‘phthalate syndrome’ (NRC, 2008). The phthalate syndrome
has many similarities to the testicular dysgenesis syndrome that is
postulated to occur in humans. Although there are no human data that
directly link this syndrome with phthalate exposure, reproductive de-
velopmental processes in rats are analogous to those in man and several
human studies have reported associations of intrauterine exposure of
some phthalates (particularly DEHP and dibutyl phthalate, DBP) with
diverse endocrine and developmental effects similar to those in rats
(Benjamin et al., 2017; EPA, 2012; Karaconji et al., 2017; Mariana
et al., 2016; NRC, 2008; Radke et al., 2018; van den Driesche et al.,
2017). In addition, there is accumulating evidence on a link between
phthalate exposure and impaired female reproductive function, in-
cluding altered estradiol levels, ovarian reserve, pubertal development,
fertility, and occurrence of endometriosis (Benjamin et al., 2017;
Hannon and Flaws, 2015; Karaconji et al., 2017; Minguez-Alarcon and
Gaskins, 2017; NRC, 2008). Reduced ovarian reserve, a higher risk of
early pregnancy loss, and lower birth and placental weight have been
observed even when exposure occurred before conception (Messerlian
et al., 2016a, 2016b, 2017; Mustieles et al., 2019). Female reproductive
effects have received far less attention than effects in males so far, and
available study results are not conclusive. Besides, human phthalate
exposure has been associated with insulin resistance, obesity, altered
thyroid signaling, impaired neurodevelopment, and increased risk of
allergies, asthma, cardiovascular disease, and cancer (Benjamin et al.,
2017; Karaconji et al., 2017; Mariana et al., 2016). Because of the po-
tential threat to endocrine and reproductive health, some phthalate
compounds are classified as priority hazardous compounds and sub-
jected to restrictions for use in toys and cosmetics in European legis-
lative frameworks.
The proof of concept demonstrated in this publication links several
biomarkers of reproductive effects previously associated with phtha-
lates exposure in human observational studies to mechanisms of action
and events reported in experimental studies, as well as to adverse re-
productive outcomes using information collected in existing AOPs. This
exercise yields effect biomarkers for the family of phthalate compounds
that are sufficiently substantiated with mechanistic information, and
identifies novel biomarkers for early biological response which may
result in adverse reproductive outcomes. These biomarkers are pro-
mising candidates for implementation in molecular epidemiological
research. To the best of our knowledge, this is the first effort to
strengthen the causal relationship between chemical exposure, bio-
markers of effect, and adverse health outcomes in human population
studies by employing AOP information.
2. Methods
A comprehensive literature search was performed in the US
National Library of Medicine (NCBI Pubmed) at February 15th, 2018.
Appendix A lists the search terms, including MeSH® terms and MeSH
Supplementary Concepts (https://www.nlm.nih.gov/mesh). Search
terms for phthalates comprised full names linked to CAS numbers and
metabolites of individual parent compounds. They were combined with
search terms for reproductive effects and endocrine disruption. Full text
publications published in the past ten years were selected. Human ob-
servational studies were separated from experimental studies by
screening of the abstracts. Human studies that did not measure a bio-
marker of effect or did not assess a reproductive health endpoint were
omitted. Publications without abstract or not written in English, re-
views, and duplicates were also removed. Biomarkers of effect that
were associated with phthalate exposure were listed from the abstracts
of the remaining human observational studies. The abstracts of the
experimental studies were explored to identify toxicity pathways and
mechanisms of action of phthalates related to the identified biomarkers
of effect. This search strategy was executed by one reviewer.
To further substantiate the links between human effect biomarkers
and the toxicity pathways of phthalates, the AOP-Wiki v2.2 (OECD,
2018) was consulted. ‘Phthalate’ was entered as search term for
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stressors. Effect biomarkers from human observational studies and
biological events involved in the toxicity pathways and mechanisms of
action retrieved from the experimental studies were entered as search
terms for KEs and KERs. AOPs were selected if three or more KEs (in-
cluding MIEs) concerned effect biomarkers and/or elements of toxicity




Appendix B shows a flow chart summarizing the results of each step
of the literature search. The search including full text publications of
the past 10 years resulted in 229 human observational studies and 202
experimental studies related to reproductive health effects, and 123
human studies and 203 experimental studies on endocrine disruption.
After further screening of the abstracts of the human observational
studies for in- and exclusion criteria and removal of duplicates, 49
publications on reproductive outcomes and 29 additional publications
resulting from the endocrine disruption literature search were con-
sidered suitable for extracting information on biomarkers of effect.
These biomarkers (listed in Table 1) are related to hormone levels, gene
expression and polymorphisms (molecular markers), oxidative stress,
reproductive function, pregnancy outcome, and hormonally mediated
diseases. Population studies reporting associations between pre- or
postnatal phthalate exposure and testosterone levels, pubertal devel-
opment, and sperm quality and quantity were most abundant.
Experimental studies were predominantly performed in rats and
mice and in a few cases in other organisms or in vitro cell cultures.
Mechanisms of action and toxicity pathways of phthalates related to
reproductive health were abstracted from 151 experimental studies on
reproductive endpoints and 31 additional studies on endocrine dis-
ruption. The majority of these studies evaluated male reproductive
toxicity in relation to pre- or postnatal phthalate exposure. Table 1
shows that most human effect biomarkers could be substantiated with
experimental and mechanistic information. Ample experimental evi-
dence was available for alteration of testosterone levels, reduced sperm
quality and quantity, and male reproductive tract malformations.
However, limited experimental support was found for the category of
molecular biomarkers. The mechanisms of action proposed for phtha-
lates in the experimental studies largely confirmed the modes of action
suggested in the human literature, including the induction of cell cycle
arrest, apoptosis, and oxidative stress in testicular cells, disruption of
steroidogenesis and reduction of testosterone production, effects via the
hypothalamic–pituitary–gonadal (HPG) axis, altered thyroid signaling,
and changes in nuclear receptor gene expression and activation.
3.2. Link to AOPs
All human effect biomarkers for which experimental evidence was
obtained could be linked to one or more AOPs, except for antral or
secondary follicle count and hormonally mediated diseases in females.
The biological effects related to these endpoints do occur as KEs in part
of the retrieved AOPs; however, these AOPs are described for males.
The largest number of KEs and AOPs were found for effects on testos-
terone production, sperm quality and quantity, and male reproductive
tract malformations. Thyroid signaling, developmental toxicity, DNA
hypermethylation, and pubertal development were only linked to an
AOP for which the KERs were not specified in AOP-Wiki. Phthalates as a
group are for instance linked as a stressor to AOP 152: ‘Interference with
thyroid serum binding protein transthyretin and subsequent adverse human
neurodevelopmental toxicity’, which includes modification of serum T4
levels, but is actually an AOP that is still under development. The re-
levance of this AOP for humans is not substantiated with experimental
evidence in AOP-Wiki, although it is indicated that transthyretin is a
highly conserved serum binding protein.
Fig. 1 shows the AOPs (limited to AOPs with specified KERs) that
are linked to different phthalates as stressors in AOP-Wiki and/or in-
clude multiple human biomarkers and elements of toxicity pathways
identified in the literature search.
3.2.1. AOPs linked to phthalates as stressors
Mono (2-ethylhexyl) phthalate (MEHP), DEHP, and DBP are linked
to KE 234: ‘Activation of PPARα & PPARγ’ (high evidence for occurrence
in humans, rats and mice according to AOP-Wiki). MEHP and DEHP are
also linked to KE 227: ‘Activation of PPARα’ (high evidence for humans,
rats and mice) and KE 228: ‘Peroxisome proliferator activated receptor
promoter demethylation’ (moderate evidence for humans and rats, high
evidence for mice).
3.2.2. AOPs including human biomarkers and elements of experimental
toxicity pathways
PPARα activation is a MIE in AOP 18 and 51 leading to impaired
male fertility through reproductive tract malformations and Leydig cell
dysfunction, respectively, although there is some uncertainty on PPARα
as MIE and AOP 51 is only described for rats. For all but one of the KEs
in AOP 18, there is substantial evidence for a link with phthalate ex-
posure based on experimental studies. PPARα activation may also be
related to induction of oxidative stress, which is linked to apoptosis and
reproductive failure in Caenorhabitis elegans in AOP 207 with strong
evidence for the KERs involved. C. elegans is considered a useful model
to study human genetics, developmental biology, and disease patho-
genesis (Hunt, 2017; Weinhouse et al., 2018). PPARα itself may be
activated by Nrf2 via FXR and SHP activation.
PPARy activation is suggested to be the MIE in AOP 7 leading to
impaired fertility in adult females via reduction of aromatase
(CYP19a1) levels. While there is some uncertainty on the functional
relationship between PPARγ and aromatase, there is evidence for in-
volvement of PPARγ in female reproductive function as the AO of this
AOP. Fluctuations in PPARγ expression in ovarian follicles and the stage
of the estrous cycle may influence the impact of PPARγ activation on
aromatase levels. PPARα and CEBPA activation may contribute to the
initiation of this AOP. PPARy has been shown to modulate enzymes
involved in estradiol catabolism downstream of aromatase as well, i.e.
CYP1b1 and 17-βHSD IV. In addition, activation of PPARγ is hy-
pothesized to contribute to or synergize with AOP 18, although con-
tradicting effects of PPARγ ligands on androgen levels and/or produc-
tion in male humans and animal models have been described. PPARy
ligands may upregulate StAR, inhibit or stimulate 3β-HSD, and mod-
ulate CYP17, which are all involved in steroid hormone synthesis.
AOP 153 ‘Aromatase inhibition leading to ovulation inhibition and de-
creased fertility in female rats’ links reduced estradiol levels due to in-
hibition of aromatase to altered HPG signaling resulting in a sequential
decrease in kisspeptin, gonadotropin-releasing hormone (GnRH) and
luteinizing hormone (LH) release and a reduced number of oocytes
ovulated. The relevance for humans and the KERs of this AOP have not
been specified, but kisspeptin is being recognized as a crucial regulator
of the onset of puberty, the regulation of sex hormone mediated se-
cretion of gonadotropins, and the control of fertility (Skorupskaite
et al., 2014; Trevisan et al., 2018).
The MIE for impaired male fertility due to decreased sperm quality
and quantity in AOP 64 is glucocorticoid receptor (GR) activation. The
evidence for KERs and relevance for humans were not reported for this
AOP. AOP 71 ‘Modulation of adult Leydig cell function subsequent to glu-
cocorticoid activation’ describes similar events and has high evidence for
humans, but in this AOP the KERs are not specified. The same is true for
AOP 69 ‘Modulation of adult Leydig cell function subsequent to decreased
cholesterol synthesis or transport in the adult Leydig cell‘ and AOP 70
‘Modulation of adult Leydig cell function subsequent to proteomic alterations
in the adult Leydig cell’, that link decreased steroidogenesis in adult
Leydig cells to decreased sperm quality and quantity, in the latter case
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via alterations in the cytoskeleton and apoptosis. AOP 66, 67, 68, and
74 link glucocorticoid activation, estradiol activation, proteome al-
terations, and hypermethylation in the fetal testis, respectively, to
modulation of adult Leydig cell function and decreased sperm quality
and quantity, each with high relevance for rats but without specifying
the KERs.
AOP 212 describes histone deacetylase inhibition leading to apop-
tosis and subsequent spermatocyte depletion and testis atrophy with
high evidence for all but one KER. In AOP 19, androgen receptor (AR)
antagonism in mammalian fetuses is the MIE leading to disruption of
male reproductive organs. The evidence for KERs and relevance for
humans were not reported for this AOP.
4. Discussion
4.1. Link between phthalate exposure and adverse reproductive effects
Table 1 shows that the majority of biomarkers of reproductive ef-
fects that were associated with phthalate exposure at the epidemiolo-
gical level are supported by mechanistic information from experimental
studies and collected in AOPs. The identified AOPs are all under review
or under development and are only to a limited extent linked to
phthalates as stressors. However, partial information on KEs and
identification of high confidence KERs can already contribute to the
weight of evidence of biological events following phthalate exposure,
allowing the prioritization of pathways to be further investigated in
experimental models or the implementation of novel biomarkers of
effect in molecular epidemiological research (Escher et al., 2017; Leist
et al., 2017). The paucity of experimental support for the category of
molecular biomarkers is explained by the relative novelty of this type of
biomarkers and the incomplete mechanistic understanding of the toxi-
city of phthalates, notwithstanding the large number of studies on ad-
verse reproductive and endocrine-related health outcomes. Experi-
mental studies and AOPs mainly point to three toxicity pathways:
I. Disruption of testosterone production and signaling due to altered
cholesterol transport, reduction of steroidogenic enzymes, and apop-
tosis of Leydig cells, resulting in male reproductive tract malformations
and impaired fertility.
The initiating events in the related AOPs are PPARα and GR acti-
vation and AR antagonism, although strong experimental support for
their link to the next key event is lacking. The potential of some
phthalates to activate the GR has been reported (Kolsek et al., 2014),
but the role of GR activation or overexpression in reproductive effects
of phthalates via impairment of steroidogenic enzymes was only de-
monstrated in a few of the retrieved experimental studies (Xiao-feng
et al., 2009; Zhang et al., 2009). PPARα has been reported to be
Leydig cells
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Fig. 1. Schematic representation of AOPs affected by phthalates, adapted from AOP-Wiki (OECD, 2018). MIEs are displayed in green boxes, other KEs in orange
boxes, and AOs in red boxes. Numbers of MIEs and KEs affected by phthalates (displayed in red) according to the AOP-Wiki, and biological effects affected by
phthalates according to experimental studies are presented in bold. The weight of the arrows reflects the strength of evidence of the KER (low, moderate, or high).
Straight lines refer to adjacent events, dotted lines to non-adjacent events. Blue arrows and boxes indicate hypothesized relations or KERs without specification of
evidence in AOP-Wiki. AOP 207: ‘NADPH oxidase and P38 MAPK activation leading to reproductive failure in Caenorhabditis elegans’ (high evidence for C. elegans);
AOP 212: ‘Histone deacetylase inhibition leading to testicular toxicity’ (moderate evidence for humans and mice, high evidence for rats); AOP 64: ‘Glucocorticoid
Receptor (GR) Mediated Adult Leydig Cell Dysfunction Leading to Decreased Male Fertility’ (unspecified evidence for rats); AOP 18: ‘PPARα activation in utero
leading to impaired fertility in males’ (low evidence for humans, moderate evidence for rats and mice); AOP 51: ‘PPARα activation leading to impaired fertility in
adult male rodents’ (high evidence for rats); AOP 7: ‘Aromatase (CYP19a1) reduction leading to impaired fertility in adult female’ (low evidence for humans and
mice, high evidence for rats); AOP 19: ‘Androgen receptor antagonism leading to adverse effects in the male foetus‘ (unspecified evidence for mammals). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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activated by several phthalates in rats and humans, although humans
are less responsive to PPARα activation than rats (Berger and Moller,
2002; Corton and Lapinskas, 2005; Latini et al., 2008; Mathieu-
Denoncourt et al., 2015). The antiandrogenic properties of some
phthalates are believed not to result from interaction with the AR but to
be related to PPARα activation, although reproductive toxicity in-
dependent of PPARα has also been observed (Martinez-Arguelles et al.,
2013; Mathieu-Denoncourt et al., 2015). Decreased AR signaling ob-
served after phthalate exposure is thus potentially not mediated by AR
antagonism, but rather triggered by reduced AR gene expression and/or
reduced testosterone production.
Decreased testosterone levels result from apoptosis of Leydig cells
and reduced testosterone synthesis due to reduced expression of cho-
lesterol transport and steroidogenesis genes. This may be a primary
effect of phthalates or a secondary effect following PPAR- or GR-de-
pendent transcriptional changes (Mathieu-Denoncourt et al., 2015;
Robinson et al., 2012). Although PPARα-induced signaling cascades are
involved in fatty acid metabolism and lipid homeostasis, not all en-
zymes involved in testosterone production, and affected by phthalates
(such as SRB1, StAR, CYP11A1, CYP17A1, CYP19, 3β-HSD, 17β-HSD),
are known direct transcriptional targets of PPARα (Berger and Moller,
2002; Corton and Lapinskas, 2005; Gervois et al., 2000; KEGG, 2016;
May, 2011). However, some studies indicate that their expression may
be inhibited via PPARα activity (Boberg et al., 2008; Plummer et al.,
2013). Translocator protein (TSPO) mediates the delivery of cholesterol
to the inner mitochondrial membrane, thereby promoting ster-
oidogenesis (Martinez-Arguelles et al., 2013). No literature reporting
altered TSPO expression related to phthalate exposure or PPARα acti-
vation was identified. TSPO might therefore represent a novel bio-
marker of phthalates’ reproductive effects.
Reduced testosterone production makes part of AOPs taking place in
utero and in adults and has been reported to occur after both pre- and
postnatal phthalate exposure in human and experimental studies.
Depending on the life stage during which phthalate exposure takes
place, reduced testosterone levels may lead to either reproductive tract
malformations or impaired reproductive function.
II. Decreased sperm cell quantity and quality caused by reduced
testosterone levels and induction of apoptosis following cell cycle arrest
and oxidative stress.
The two AOPs related to apoptosis contain high KER evidence. Their
initiating events, NADPH oxidase activation and histone deacetylase
inhibition, did however not emerge as effects of phthalate exposure
from AOP-Wiki or the literature search. This indicates that either these
MIEs present novel targets of phthalates, or phthalates affect these
pathways via KEs further downstream. NADPH oxidase activation has
been associated with PPARα activation (Mathieu-Denoncourt et al.,
2015; Rusyn et al., 2001; Sedha et al., 2015). Histone deacetylase has
been reported to be involved in effects of phthalates on neuronal cell
death and adipogenic effects in mesenchymal stem cells; in the latter
study, involvement of PPARγ was suggested (Guida et al., 2014; Sonkar
et al., 2016). In addition, phthalates may bind to histone tails thereby
altering their methylation, resulting in epigenetic gene regulation
(Benjamin et al., 2017). The life stage in which these AOPs occur are
not specified, but are likely to be of relevance for mature males in
which they may cause spermatocyte depletion.
III. Decreased aromatase levels resulting in decreased estradiol le-
vels and impaired fertility in female adults.
AOP-Wiki states that there is low evidence for humans for this AOP,
but since the pathways leading to production of ovarian hormones are
similar in rodent models and humans, experimental animal data are
assumed to be relevant for consideration of human risk (Latini et al.,
2008). This pathway may therefore explain female reproductive toxi-
city related to adult exposure to phthalates, not via the estrogen re-
ceptor (ER) but via inhibition of estradiol production with PPARγ ac-
tivation or promoter demethylation as an initiating event. PPARα
activation may also be involved in activation of this pathway (Latini
et al., 2008; Lovekamp-Swan and Davis, 2003). PPARγ can be activated
by several phthalates in rats and humans (Corton and Lapinskas, 2005;
Delfosse et al., 2015). Although the link of this MIE with aromatase is
not well described (Berger and Moller, 2002; Gervois et al., 2000;
KEGG, 2016) there is evidence supporting this KER (Lovekamp-Swan
and Davis, 2003; Xu et al., 2010) and the relation between PPARγ and
adverse female reproductive outcomes. In addition, results from ex-
perimental studies show decreased transcription of genes encoding
steroidogenic enzymes following phthalate exposure and correlate to
limited epidemiological findings and effects observed in human ovarian
cell types (Hannon and Flaws, 2015; Mathieu-Denoncourt et al., 2015).
Which phthalates in particular elicit these effects, the exact impact on
fertility and mechanism of action, and whether these effects occur
within human exposure ranges remain to be determined (Hannon and
Flaws, 2015). Reduction of aromatase levels is also a KE in AOP 153
where it results in reduced kisspeptin, GnRH, and LH levels and ovu-
lation inhibition. The relevance for humans and KERs of this AOP have
not been specified, but elements of this pathway have been associated
with phthalate exposure literature (see Table 1). This AOP can thus
hypothetically be linked to PPARγ activation.
Antral follicle count and female hormonally mediated diseases,
which were associated with phthalate exposure in human observational
studies, could not be related to any AOP. Since AOPs are a relatively
new tool and have been poorly described for chronic toxicity thus far
(Escher et al., 2017), the current lack of a relevant AOP does not mean
that a causal relation between a biological response associated to
phthalate exposure and an adverse health outcome does not exist. In-
creasing evidence suggests that phthalates have the ability to disrupt
ovarian function and impact the ovarian reserve by intervening at dif-
ferent stages of folliculogenesis via disrupted follicular growth and re-
cruitment or apoptosis (Hannon and Flaws, 2015; Vabre et al., 2017).
Very few studies have investigated the effects on folliculogenesis in
humans and the exact mechanisms, dose-response relation, and conse-
quently the link to female fertility remain unclear (Hannon and Flaws,
2015). Elements of the toxicity pathways involved in effects on follicle
count and female hormonally mediated diseases according to experi-
mental studies are included in the abovementioned AOPs. Adverse ef-
fects on female reproductive organs may thus be additional AOs of
these AOPs.
4.2. Biomarkers of effect
Although the exact mechanism of action and conclusive AOPs still
need to be deciphered, mechanistically relevant biomarkers of effect
can be derived that temporally, consistently, and plausibly fit into
pathways leading to reproductive toxicity. In principle, all elements of
the identified adverse outcome pathways from the point of interference
by phthalates onwards can serve as biomarkers of effect. Initiating and
early KEs are often well conserved between species (Escher et al., 2017)
and are of use for early, preclinical observation of adverse effects. Since
these biomarkers are closely linked to chemical exposure, effects may
be observed during all developmental stages. Further downstream, on
the other hand, adverse health effects may specifically occur in a par-
ticular window of development. Multiple biological effects of the same
chemical or effects of multiple phthalates may converge towards a
shared adverse outcome, thereby facilitating detection of (combined)
toxicity. All potential targets of phthalates identified in this study that
represent candidates for development of novel biomarkers and deserve
further evaluation in experimental and epidemiological studies to verify
their association with adverse health effects of specific or multiple
phthalates are summarized in Table 2.
4.2.1. Early events
PPARα, PPARγ, and GR activation are initiating events in the
identified AOPs and have been reported to be induced by phthalates via
receptor binding and/or increased receptor gene expression; the latter
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is potentially mediated by a positive feedback loop after receptor ac-
tivation or by promotor demethylation or histone acetylation
(Maradonna and Carnevali, 2018; Mathieu-Denoncourt et al., 2015;
Singh and Li, 2012). This may explain why PPARγ expression was not
upregulated in a study that addressed nuclear receptor gene expression
related to female infertility associated with phthalate exposure (La
Rocca et al., 2014). PPARs are nuclear receptors that regulate tran-
scription of downstream genes. Target genes of PPARα and PPARγ
partly overlap. PPARα regulates genes involved in fatty acid transport
and metabolism and lipid and cholesterol homeostasis and is expressed
in metabolically active tissues (Berger and Moller, 2002; Gervois et al.,
2000). In addition, hepatic, testicular, and pancreatic cancers have
been associated with activation of PPARα by phthalates, although the
relevance of this effect for humans has been questioned (NRC, 2008).
PPARγ regulates adipocyte differentiation, lipid metabolism, glucose
uptake, insulin signaling, cellular energy homeostasis, and appetite. It
also has a role in cell differentiation and carcinogenesis and may
modulate the oxidative stress response by interaction with Nrf2 (Bansal
et al., 2018; Berger and Moller, 2002; Kang et al., 2016; Kvandova
et al., 2016). PPARγ is predominantly expressed in adipose tissue and in
multiple other tissues including skeletal muscle and liver (Berger and
Moller, 2002; Gervois et al., 2000). The GR is expressed in most cell
types. Its activation is associated with metabolic dysregulation, as it
stimulates gluconeogenesis, lipolysis, and food intake and reduces in-
sulin signaling. PPARα, PPARγ, and GR also display anti-inflammatory
effects (Berger and Moller, 2002; Kang et al., 2016). Besides, crosstalk
between different nuclear receptors resulting in up- or downregulation
of each other's target genes is known to occur, such as between GR and
ER and thyroid receptor (TR) (Mathieu-Denoncourt et al., 2015;
Miranda et al., 2013), PPAR and ER and TR (Benjamin et al., 2017;
Corton and Lapinskas, 2005; Kouidhi and Clerget-Froidevaux, 2018),
PPARγ and AR (Olokpa et al., 2017), and between nuclear receptors
and the NF-κB pathway which is required for expression of in-
flammatory and immune response genes, thereby forming an important
regulatory link between the endocrine and immune systems (De
Bosscher et al., 2006). Nuclear receptor activation by phthalates may
thus also mediate a number of known adverse health outcomes of
phthalate exposure other than reproductive toxicity, including obesity,
insulin resistance and diabetes, hypercholesterolemia, immune mod-
ulation, neurological function, and cancer (Benjamin et al., 2017;
Berger and Moller, 2002; Delfosse et al., 2015; Ejaredar et al., 2015;
Janesick and Blumberg, 2011; Sedha et al., 2015; Stojanoska et al.,
2017). Application of effect biomarkers related to nuclear receptor
activation and gene expression or methylation in biomonitoring studies
has been very limited thus far. NADPH oxidase activation and histone
deacetylase inhibition represent two other molecular initiating events
of AOPs that are considered relevant for phthalates, but direct inter-
ference of phthalates with these molecular targets remains to be es-
tablished.
For actual use of biomarkers of effect in human observational stu-
dies, human relevance has to be verified for different exposure windows
and specificity and sensitivity need to be defined. Impairment of re-
productive development and function by phthalates seems to be at least
in part mediated by the activation of PPAR signaling pathways in hu-
mans in both genders and in different life stages (Corton and Lapinskas,
2005; Latini et al., 2008). Nuclear receptors can however be activated
by a variety of environmental contaminants and therefore do not re-
present specific effects of phthalates (Gulliver, 2017; Lovekamp-Swan
and Davis, 2003; Maradonna and Carnevali, 2018). They neither are
specific for reproductive health effects, as discussed above. On the other
hand, PPAR and GR activation may serve as an early indicator for
multiple adverse effects of phthalates. This cannot be directly inferred
from AOPs, as these represent a linear and unidirectional chain focused
on one MIE and AO. This is regarded as a drawback of the AOP concept,
as in reality biological processes are part of much more complex net-
works including additive, synergistic and/or antagonistic effects of
chemicals, feedback loops, nuclear receptor crosstalk, and overlapping
and interrelated pathways, finally affecting a broad range of physiolo-
gical functions (Escher et al., 2017; Leist et al., 2017). Therefore, it
would be of interest to study effects of phthalates on other nuclear
receptors besides PPARs and GR as well. Although interference of
phthalates with testosterone and estradiol levels is more likely to be
related to PPAR and GR activation than to ER or AR binding or ex-
pression (Corton and Lapinskas, 2005), some studies have shown effects
of phthalates on ER or AR activity (Hannon and Flaws, 2015; La Rocca
et al., 2014; Mathieu-Denoncourt et al., 2015) and inclusion of assess-
ment of their activation in biomonitoring studies could clarify whether
the associations of PPAR and GR with reproductive toxicity are indeed
present in humans and are more consistent or stronger than for other
nuclear receptors.
Nuclear receptor activation can be assessed by receptor binding (for
instance using reporter gene assays), receptor gene expression or epi-
genetic modification of the promotor region, and transcription of
components of the signaling cascade (Dennis et al., 2016; Escher et al.,
2017). Since PPAR and GR activation represent novel candidates for
developing biomarkers of effect for phthalates, and phthalates may also
interfere with downstream events, measurement of the complete sig-
naling cascade would be interesting to further elucidate interference of
phthalates with this pathway. For evaluation of differential gene ex-
pression levels, the timing of exposure and sampling and the tissue that
is evaluated are of relevance. For PPARα, for example, it is known that
gene expression follows a diurnal rhythm and varies between in-
dividuals, is most abundant in the liver, and the role in the phthalate
syndrome is related to prenatal phthalate exposure and activation in
Leydig cells (Gervois et al., 2000; NRC, 2008). Although the function
and expression of PPARs may differ per tissue, their activation or up-
regulation in white blood cells (https://www.ncbi.nlm.nih.gov/gene/
5465) may still serve as a sensor for health effects of phthalates at any
Table 2
Novel targets for development of biomarkers of effect in relation to established health effects of phthalate compounds. Potential associations between phthalate
exposure, early and downstream events, and adverse health effects displayed in each row need to be further evaluated by experimental and epidemiological research.
Early events Downstream events Related health effects





Male reproductive tract malformations







Reduced sperm quality or quantity
Disrupted folliculogenesis
PPARα, PPARγ, and GR activation
ER expression




Disrupted ovulation and ovarian cycle
Metabolic disorders
PPARα, PPARγ, and GR activation NFκB pathway Altered inflammatory response
Altered immune function
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given life stage. Since gene expression changes reflect early effects of
chemical exposure, they are best suited to be assessed shortly after
exposure has taken place in longitudinal studies, or in cross sectional
studies in continuously exposed groups.
4.2.2. Downstream events
Cell cycle arrest, apoptosis, and induction of oxidative stress are
cellular processes that may mediate adverse effects of phthalates. These
processes can be measured by gene expression changes as well as
functional assays. In addition, 8-hydroxy-2′-deoxyguanosine (8-OHdG)
excretion in urine is a classic biomarker of effect for chemicals that
cause oxidative damage. These biomarkers are also not specific for
phthalates neither for reproductive toxicity. Their measurement in
human observational studies is nevertheless useful, as this (i) may lead
to a more comprehensive mechanistic understanding of the toxicity of
phthalates, and (ii) fits in the exposome concept, which integrates as-
sessment of exposure to exogenous chemicals with subsequent en-
dogenous generation of reactive oxygen species (ROS), oxidation pro-
ducts, adducts, signaling molecules formed as part of the pathway of
toxicity, and markers of the adaptive cellular stress responses. The in-
clusion of the total biological response to a chemical stressor in ex-
posure assessment helps to identify which exposures are biologically
important and indicates the plausibility of associations between ex-
posures and health outcomes (Dennis et al., 2016; Escher et al., 2017).
Downstream events can be assessed in longitudinal studies, given that
an appropriate time span between exposure and sampling is applied, or
in cross sectional studies in continuously exposed groups.
Steroidogenic enzymes, cholesterol transporters and testosterone
and estradiol levels are known to be affected by phthalates and re-
present key events further downstream in the AOPs. They are more
specifically linked to pre- and postnatal phthalate exposure and re-
present a sensitive health endpoint for this group of chemicals. The
gonadotrophin level (LH and FSH) could be an interesting biomarker as
well with respect to the proposed mechanism of action via alterations in
the HPG axis, even though this is supported by relatively little experi-
mental evidence. Thyroxine has been associated with both adverse
neurodevelopmental and metabolic effects of phthalates, but experi-
mental evidence is limited for this hormone as well. Kisspeptin is an
interesting novel biomarker, that was linked to phthalate exposure and
reproductive outcome in only one human observational and experi-
mental study (Chen et al., 2013a; Hu et al., 2013a), but may be an
indicator of altered pubertal development due to phthalate exposure. In
addition, it has been suggested to link energy homeostasis and the re-
productive system (Tng, 2015; Wolfe and Hussain, 2018).
The eventual adverse reproductive outcomes of phthalate exposure
are observable as male reproductive tract malformations, testicular
toxicity, reduced sperm quality and quantity, altered ovarian cycle,
reduced fertility, and reproductive failure. These events may associate
phthalate exposure to population health impact. Anogenital distance is
for instance positively correlated with fertility, sperm density, and
sperm count in men, and can serve as a biomarker for male re-
productive potential (Mathieu-Denoncourt et al., 2015).
4.3. Strengths and limitations of the proposed strategy
The presented strategy to comprehensively identify biomarkers of
effect that are well substantiated by mechanistic data may help to infer
causal relations between chemical exposure and adverse health effects
by efficiently combining i. results of epidemiological studies (indicating
exposure-effect biomarker and exposure-health outcome associations in
humans), ii. results of experimental studies (identifying exposure-effect
biomarker, effect biomarker-health outcome, and exposure-health
outcome relations), and iii. toxicological information stored in quality-
controlled AOPs (representing causal effect biomarker-health outcome
relations). By connecting the different fields of research, the weight of
evidence for associations between chemical exposures and health out-
comes is strengthened and plausible causal relations can be dis-
tinguished and prioritized for further research in epidemiological stu-
dies. In addition, novel targets for development of biomarkers of (early)
biological response may be identified. Nonetheless, the strategy re-
quires the availability of well-defined AOPs and a sufficient amount of
mechanistic data relevant for human chemical exposure. Ideally, future
AOP networks including feedback loops and modulatory events, instead
of the unidirectional and linear AOPs currently available in the AOP-
Wiki, will allow to include all biological events related to chemical
exposure and health outcomes (as is illustrated by Fig. 1) (Leist et al.,
2017). The approach in this proof of concept explored effect biomarkers
for the family of phthalate compounds and did not a priori distinguish
developmental stages or sexes; for specific effects of individual phtha-
lates, a more focused search strategy would need to be applied.
5. Conclusions
Although adverse endocrine-related and reproductive health effects
related to exposure to phthalates have been frequently studied, a
knowledge gap still exists with respect to mechanisms of action and
causal associations in humans. Literature screening in combination with
collection of AOP information yielded clues to human effect biomarkers
with substantial mechanistic support that may causally link phthalate
exposure to adverse reproductive outcomes on the one hand, and help
build the weight of evidence of phthalate toxicity in humans on the
other hand. The activation of several receptors such as PPARα, PPARγ,
and GR emerged as early markers for a range of health effects of
phthalate exposure, thus representing promising novel biomarkers.
Additional assessment of downstream events such as alteration of en-
zyme and hormone levels and oxidative stress, according to the expo-
some concept, and of interactions with other nuclear receptors would
provide more insight into the mechanisms of action in humans. Our
study is a first proof of concept to join epidemiological, experimental,
and toxicological information in order to advance the field of human
biomonitoring.
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ethylhexyl)phthalate OR Butyl benzyl phthalate OR BBPHT OR Dibutyl phthalate OR Di-n-Butyl Phthalate OR Butyl Phthalate OR Diisobutyl
phthalate OR Diisononyl phthalate OR ENJ 2065 OR Diethyl phthalate OR Phthalic acid diethyl ester OR Diisodecyl phthalate OR di-isodecyl
phthalate OR Di-n-octyl phthalate OR Dimethyl phthalate OR Dimethylphthalate OR Di-n-pentyl phthalate OR Diamyl Phthalate OR Dicyclohexyl
phthalate OR Di-n-hexyl phthalate OR Dihexyl Phthalate OR Phthalic acid dihexyl ester OR Di(methoxyethyl) phthalate OR Diisononyl cyclohexane-
1,2-dicarboxylate OR Mono-benzyl phthalate OR Monocyclohexyl phthalate OR Mono-(2-ethylhexyl) phthalate OR Monoethyl phthalate OR Mono-
isobutyl phthalate OR Mono-isodecyl phthalate OR Mono(carboxy-isooctyl) phthalate OR Monobutyl phthalate OR Mono-n-octyl phthalate OR
Monomethyl phthalate OR Monoisononyl-cyclohexane-1,2-dicarboxylate OR (Diethylhexyl phthalate OR Bis(2-ethylhexyl)phthalate OR Dioctyl
Phthalate OR Di-2-Ethylhexylphthalate OR Di(2-ethylhexyl)phthalate [Supplementary Concept]) OR (Butyl benzyl phthalate OR BBPHT
[Supplementary Concept]) OR (Dibutyl phthalate OR Di-n-Butyl Phthalate OR Butyl Phthalate [Supplementary Concept]) OR (Diisobutyl phthalate
[Supplementary Concept]) OR (Diisononyl phthalate OR ENJ 2065 [Supplementary Concept]) OR (Diethyl phthalate OR Phthalic acid diethyl ester
[Supplementary Concept]) OR (Diisodecyl phthalate OR di-isodecyl phthalate [Supplementary Concept]) OR (Di-n-octyl phthalate [Supplementary
Concept]) OR (Dimethyl phthalate OR Dimethylphthalate [Supplementary Concept]) OR (Di-n-pentyl phthalate OR Diamyl Phthalate
[Supplementary Concept]) OR (Dicyclohexyl phthalate [Supplementary Concept]) OR (Di-n-hexyl phthalate OR Dihexyl Phthalate OR Phthalic acid
dihexyl ester [Supplementary Concept]) OR (Di(methoxyethyl) phthalate [Supplementary Concept]) OR (Diisononyl cyclohexane-1,2-dicarboxylate
[Supplementary Concept])
Reproductive effects
Reproductive OR puberty OR pregnancy OR infertility OR semen quality OR placenta OR anogenital distance OR hypospadias OR cryptorchidism
OR “Reproductive Health"[Mesh] OR “Reproductive Medicine"[Mesh] OR “Reproduction"[Mesh] OR “Reproductive Techniques, Assisted"[Mesh] OR
“Infertility"[Mesh].
Endocrine disruption
“Endocrine System"[Mesh] OR “Endocrine Glands"[Mesh] OR “Endocrine System Diseases"[Mesh] OR “Hormones"[Mesh] OR “Gonadal
Hormones"[Mesh] OR “Placental Hormones"[Mesh] OR “Pituitary Hormones"[Mesh] OR “Growth Hormone"[Mesh] OR “Thyroid Hormones"[Mesh]
OR “Gastrointestinal Hormones"[Mesh] OR “Sex Hormone-Binding Globulin"[Mesh] OR “Adrenocorticotropic Hormone"[Mesh] OR “Adrenal Cortex
Hormones"[Mesh] OR Endocrine system OR hypothyroidism OR hyperthyroidism OR adrenal.
Appendix B
Flow chart summarizing results of literature search.
K.A. Baken, et al. Environmental Research 175 (2019) 235–256
249
References
Adibi, J.J., Lee, M.K., Naimi, A.I., Barrett, E., Nguyen, R.H., Sathyanarayana, S., Zhao, Y.,
Thiet, M.P., Redmon, J.B., Swan, S.H., 2015. Human chorionic gonadotropin partially
mediates phthalate association with male and female anogenital distance. J. Clin.
Endocrinol. Metab. 100, E1216–E1224.
Ahbab, M.A., Undeger, U., Barlas, N., Basaran, N., 2014. In utero exposure to dicyclohexyl
and di-n-hexyl phthalate possess genotoxic effects on testicular cells of male rats after
birth in the comet and TUNEL assays. Hum. Exp. Toxicol. 33, 230–239.
Ahmad, R., Gautam, A.K., Verma, Y., Sedha, S., Kumar, S., 2014. Effects of in utero di-
butyl phthalate and butyl benzyl phthalate exposure on offspring development and
male reproduction of rat. Environ. Sci. Pollut. Res. Int. 21, 3156–3165.
Alam, M.S., Kurohmaru, M., 2016. Butylbenzyl phthalate induces spermatogenic cell
apoptosis in prepubertal rats. Tissue Cell 48, 35–42.
Alam, M.S., Andrina, B.B., Tay, T.W., Tsunekawa, N., Kanai, Y., Kurohmaru, M., 2010a.
Single administration of di(n-butyl) phthalate delays spermatogenesis in prepubertal
rats. Tissue Cell 42, 129–135.
Alam, M.S., Ohsako, S., Matsuwaki, T., Zhu, X.B., Tsunekawa, N., Kanai, Y., Sone, H.,
Tohyama, C., Kurohmaru, M., 2010b. Induction of spermatogenic cell apoptosis in
prepubertal rat testes irrespective of testicular steroidogenesis: a possible estrogenic
effect of di(n-butyl) phthalate. Reproduction 139, 427–437.
Alam, M.S., Ohsako, S., Tay, T.W., Tsunekawa, N., Kanai, Y., Kurohmaru, M., 2010c. Di(n-
butyl) phthalate induces vimentin filaments disruption in rat sertoli cells: a possible
relation with spermatogenic cell apoptosis. Anat. Histol. Embryol. 39, 186–193.
Aly, H.A., Hassan, M.H., El-Beshbishy, H.A., Alahdal, A.M., Osman, A.M., 2016. Dibutyl
phthalate induces oxidative stress and impairs spermatogenesis in adult rats. Toxicol.
Ind. Health 32, 1467–1477.
Anderson, A.M., Carter, K.W., Anderson, D., Wise, M.J., 2012. Coexpression of nuclear
receptors and histone methylation modifying genes in the testis: implications for
endocrine disruptor modes of action. PLoS One 7, e34158.
Auharek, S.A., de Franca, L.R., McKinnell, C., Jobling, M.S., Scott, H.M., Sharpe, R.M.,
2010. Prenatal plus postnatal exposure to Di(n-Butyl) phthalate and/or flutamide
markedly reduces final sertoli cell number in the rat. Endocrinology 151, 2868–2875.
Axelsson, J., Rylander, L., Rignell-Hydbom, A., Lindh, C.H., Jonsson, B.A., Giwercman,
A., 2015. Prenatal phthalate exposure and reproductive function in young men.
Environ. Res. 138, 264–270.
Aydogan Ahbab, M., Barlas, N., 2013. Developmental effects of prenatal di-n-hexyl
phthalate and dicyclohexyl phthalate exposure on reproductive tract of male rats:
postnatal outcomes. Food Chem. Toxicol. : Int. J. Publ. Br. Ind. Biol. Res. Assoc. 51,
123–136.
Aydogan Ahbab, M., Barlas, N., 2015. Influence of in utero di-n-hexyl phthalate and di-
cyclohexyl phthalate on fetal testicular development in rats. Toxicol. Lett. 233,
125–137.
Bansal, A., Henao-Mejia, J., Simmons, R.A., 2018. Immune system: an emerging player in
mediating effects of endocrine disruptors on metabolic health. Endocrinology 159,
32–45.
Bao, A.M., Man, X.M., Guo, X.J., Dong, H.B., Wang, F.Q., Sun, H., Wang, Y.B., Zhou, Z.M.,
Sha, J.H., 2011. Effects of di-n-butyl phthalate on male rat reproduction following
pubertal exposure. Asian J. Androl. 13, 702–709.
Barrett, E.S., Parlett, L.E., Wang, C., Drobnis, E.Z., Redmon, J.B., Swan, S.H., 2014.
Environmental exposure to di-2-ethylhexyl phthalate is associated with low interest
in sexual activity in premenopausal women. Horm. Behav. 66, 787–792.
Bello, U.M., Madekurozwa, M.C., Groenewald, H.B., Aire, T.A., Arukwe, A., 2014. The
K.A. Baken, et al. Environmental Research 175 (2019) 235–256
250
effects on steroidogenesis and histopathology of adult male Japanese quails (Coturnix
coturnix japonica) testis following pre-pubertal exposure to di(n-butyl) phthalate
(DBP). Comparative biochemistry and physiology. Toxicol. Pharmacol. : CBP 166,
24–33.
Benjamin, S., Masai, E., Kamimura, N., Takahashi, K., Anderson, R.C., Faisal, P.A., 2017.
Phthalates impact human health: epidemiological evidences and plausible me-
chanism of action. J. Hazard Mater. 340, 360–383.
Berger, J., Moller, D.E., 2002. The mechanisms of action of PPARs. Annu. Rev. Med. 53,
409–435.
Bhatia, H., Kumar, A., Ogino, Y., Gregg, A., Chapman, J., McLaughlin, M.J., Iguchi, T.,
2014. Di-n-butyl phthalate causes estrogenic effects in adult male Murray rain-
bowfish (Melanotaenia fluviatilis). Aquat. Toxicol. (Amst.) 149, 103–115.
Bhatia, H., Kumar, A., Chapman, J.C., McLaughlin, M.J., 2015. Long-term exposures to di-
n-butyl phthalate inhibit body growth and impair gonad development in juvenile
Murray rainbowfish (Melanotaenia fluviatilis). J. Appl. Toxicol. : JAT 35, 806–816.
Bielanowicz, A., Johnson, R.W., Goh, H., Moody, S.C., Poulton, I.J., Croce, N., Loveland,
K.L., Hedger, M.P., Sims, N.A., Itman, C., 2016. Prepubertal di-n-butyl phthalate
exposure alters sertoli and Leydig cell function and lowers bone density in adult male
mice. Endocrinology 157, 2595–2603.
Boas, M., Frederiksen, H., Feldt-Rasmussen, U., Skakkebaek, N.E., Hegedus, L., Hilsted, L.,
Juul, A., Main, K.M., 2010. Childhood exposure to phthalates: associations with
thyroid function, insulin-like growth factor I, and growth. Environ. Health Perspect.
118, 1458–1464.
Boberg, J., Metzdorff, S., Wortziger, R., Axelstad, M., Brokken, L., Vinggaard, A.M.,
Dalgaard, M., Nellemann, C., 2008. Impact of diisobutyl phthalate and other PPAR
agonists on steroidogenesis and plasma insulin and leptin levels in fetal rats.
Toxicology 250, 75–81.
Boberg, J., Christiansen, S., Axelstad, M., Kledal, T.S., Vinggaard, A.M., Dalgaard, M.,
Nellemann, C., Hass, U., 2011. Reproductive and behavioral effects of diisononyl
phthalate (DINP) in perinatally exposed rats. Reprod. Toxicol. 31, 200–209.
Boekelheide, K., Kleymenova, E., Liu, K., Swanson, C., Gaido, K.W., 2009. Dose-depen-
dent effects on cell proliferation, seminiferous tubules, and male germ cells in the
fetal rat testis following exposure to di(n-butyl) phthalate. Microsc. Res. Tech. 72,
629–638.
Boisvert, A., Jones, S., Issop, L., Erythropel, H.C., Papadopoulos, V., Culty, M., 2016. In
vitro functional screening as a means to identify new plasticizers devoid of re-
productive toxicity. Environ. Res. 150, 496–512.
Bornehag, C.G., Carlstedt, F., Jonsson, B.A., Lindh, C.H., Jensen, T.K., Bodin, A., Jonsson,
C., Janson, S., Swan, S.H., 2015. Prenatal phthalate exposures and anogenital dis-
tance in Swedish boys. Environ. Health Perspect. 123, 101–107.
Buck Louis, G.M., Sundaram, R., Sweeney, A.M., Schisterman, E.F., Maisog, J., Kannan,
K., 2014. Urinary bisphenol A, phthalates, and couple fecundity: the longitudinal
investigation of fertility and the environment (LIFE) study. Fertil. Steril. 101,
1359–1366.
Carran, M., Shaw, I.C., 2012. New Zealand Malayan war veterans' exposure to dibu-
tylphthalate is associated with an increased incidence of cryptorchidism, hypospadias
and breast cancer in their children. N. Z. Med. J. 125, 52–63.
Chang, W.H., Li, S.S., Wu, M.H., Pan, H.A., Lee, C.C., 2015. Phthalates might interfere
with testicular function by reducing testosterone and insulin-like factor 3 levels.
Hum. Reprod. (Oxf.) 30, 2658–2670.
Chang, W.H., Wu, M.H., Pan, H.A., Guo, P.L., Lee, C.C., 2017. Semen quality and insulin-
like factor 3: associations with urinary and seminal levels of phthalate metabolites in
adult males. Chemosphere 173, 594–602.
Chen, Y., Reese, D.H., 2013. A screen for disruptors of the retinol (vitamin A) signaling
pathway. Birth Defects Res. Part B Dev. Reproductive Toxicol. 98, 276–282.
Chen, Y., Reese, D.H., 2016. Disruption of retinol (vitamin A) signaling by phthalate
esters: SAR and mechanism studies. PLoS One 11, e0161167.
Chen, X., An, H., Ao, L., Sun, L., Liu, W., Zhou, Z., Wang, Y., Cao, J., 2011. The combined
toxicity of dibutyl phthalate and benzo(a)pyrene on the reproductive system of male
Sprague Dawley rats in vivo. J. Hazard Mater. 186, 835–841.
Chen, C.Y., Chou, Y.Y., Wu, Y.M., Lin, C.C., Lin, S.J., Lee, C.C., 2013a. Phthalates may
promote female puberty by increasing kisspeptin activity. Hum. Reprod. (Oxf.) 28,
2765–2773.
Chen, X., Zhou, Q.H., Leng, L., Chen, X., Sun, Z.R., Tang, N.J., 2013b. Effects of di(n-
butyl) and monobutyl phthalate on steroidogenesis pathways in the murine Leydig
tumor cell line MLTC-1. Environ. Toxicol. Pharmacol. 36, 332–338.
Chen, X., Ma, J., Yu, H., Leng, L., Zhou, Q., Sun, Z., Tang, N., 2014a. [Study on the
association between maternal urinary phthalate metabolites and testicular steroid
hormones in the cord blood in a Chinese population]. Zhonghua yu fang yi xue za zhi
[Chin. J. Preventive Med.] 48, 167–171.
Chen, X., Xu, S., Tan, T., Lee, S.T., Cheng, S.H., Lee, F.W., Xu, S.J., Ho, K.C., 2014b.
Toxicity and estrogenic endocrine disrupting activity of phthalates and their mix-
tures. Int. J. Environ. Res. Public Health 11, 3156–3168.
Chen, P., Li, S., Liu, L., Xu, N., 2015. Long-term effects of binary mixtures of 17alpha-
ethinyl estradiol and dibutyl phthalate in a partial life-cycle test with zebrafish
(Danio rerio). Environ. Toxicol. Chem. 34, 518–526.
Chen, S.Y., Hwang, J.S., Sung, F.C., Lin, C.Y., Hsieh, C.J., Chen, P.C., Su, T.C., 2017a.
Mono-2-ethylhexyl phthalate associated with insulin resistance and lower testos-
terone levels in a young population. Environ. Pollut.(Barking, Essex) 225, 112–117
1987.
Chen, X., Li, L., Li, H., Guan, H., Dong, Y., Li, X., Wang, Q., Lian, Q., Hu, G., Ge, R.S.,
2017b. Prenatal exposure to di-n-butyl phthalate disrupts the development of adult
Leydig cells in male rats during puberty. Toxicology 386, 19–27.
Choi, H., Kim, J., Im, Y., Lee, S., Kim, Y., 2012. The association between some endocrine
disruptors and hypospadias in biological samples. J. Environ. Sci. Health - Part A
Toxic/Hazard. Subst. Environ. Eng. 47, 2173–2179.
Chou, Y.Y., Huang, P.C., Lee, C.C., Wu, M.H., Lin, S.J., 2009. Phthalate exposure in girls
during early puberty. J. Pediatr. Endocrinol. Metab. : JPEM (J. Pediatr. Endocrinol.
Metab.) 22, 69–77.
Christen, V., Crettaz, P., Oberli-Schrammli, A., Fent, K., 2010. Some flame retardants and
the antimicrobials triclosan and triclocarban enhance the androgenic activity in vitro.
Chemosphere 81, 1245–1252.
Chu, D.P., Tian, S., Sun, D.G., Hao, C.J., Xia, H.F., Ma, X., 2013. Exposure to mono-n-butyl
phthalate disrupts the development of preimplantation embryos. Reprod. Fertil. Dev.
25, 1174–1184.
Clewell, R.A., Kremer, J.J., Williams, C.C., Campbell, J.L., Sochaski, M.A., Andersen,
M.E., Borghoff, S.J., 2009. Kinetics of selected di-n-butyl phthalate metabolites and
fetal testosterone following repeated and single administration in pregnant rats.
Toxicology 255, 80–90.
Clewell, R.A., Campbell, J.L., Ross, S.M., Gaido, K.W., Clewell 3rd, H.J., Andersen, M.E.,
2010. Assessing the relevance of in vitro measures of phthalate inhibition of ster-
oidogenesis for in vivo response. Toxicol. Vitro : Int. J. Publ. Assoc. BIBRA 24,
327–334.
Clewell, R.A., Sochaski, M., Edwards, K., Creasy, D.M., Willson, G., Andersen, M.E., 2013.
Disposition of diiosononyl phthalate and its effects on sexual development of the
male fetus following repeated dosing in pregnant rats. Reprod. Toxicol. 35, 56–69.
Corton, J.C., Lapinskas, P.J., 2005. Peroxisome proliferator-activated receptors: media-
tors of phthalate ester-induced effects in the male reproductive tract? Toxicol. Sci. :
Off. J. Soc. Toxicol. 83, 4–17.
Council, N.R., 2006. Human Biomonitoring for Environmental Chemicals. The National
Academies Press, Washington, DC.
Craig, Z.R., Hannon, P.R., Wang, W., Ziv-Gal, A., Flaws, J.A., 2013. Di-n-butyl phthalate
disrupts the expression of genes involved in cell cycle and apoptotic pathways in
mouse ovarian antral follicles. Biol. Reprod. 88, 23.
De Bosscher, K., Vanden Berghe, W., Haegeman, G., 2006. Cross-talk between nuclear
receptors and nuclear factor κB. Oncogene 25, 6868.
DeBartolo, D., Jayatilaka, S., Yan Siu, N., Rose, M., Ramos, R.L., Betz, A.J., 2016.
Perinatal exposure to benzyl butyl phthalate induces alterations in neuronal devel-
opment/maturation protein expression, estrogen responses, and fear conditioning in
rodents. Behav. Pharmacol. 27, 77–82.
Delfosse, V., Maire, A.l., Balaguer, P., Bourguet, W., 2015. A structural perspective on
nuclear receptors as targets of environmental compounds. Acta Pharmacol. Sin. 36,
88–101.
Dennis, K.K., Auerbach, S.S., Balshaw, D.M., Cui, Y., Fallin, M.D., Smith, M.T., Spira, A.,
Sumner, S., Miller, G.W., 2016. The importance of the biological impact of exposure
to the concept of the exposome. Environ. Health Perspect. 124, 1504–1510.
Dirtu, A.C., Geens, T., Dirinck, E., Malarvannan, G., Neels, H., Van Gaal, L., Jorens, P.G.,
Covaci, A., 2013. Phthalate metabolites in obese individuals undergoing weight loss:
urinary levels and estimation of the phthalates daily intake. Environ. Int. 59,
344–353.
Dobrzynska, M.M., Tyrkiel, E.J., Hernik, A., Derezinska, E., Goralczyk, K., Ludwicki, J.K.,
2009. The effects of di-n-butyl phthalate on the germ cells of laboratory mice. Rocz.
Panstw. Zakl. Hig. 60, 317–324.
Dobrzynska, M.M., Tyrkiel, E.J., Pachocki, K.A., 2011. Developmental toxicity in mice
following paternal exposure to Di-N-butyl-phthalate (DBP). Biomed. Environ. Sci. :
BES (Biomed. Environ. Sci.) 24, 569–578.
Dodge, L.E., Williams, P.L., Williams, M.A., Missmer, S.A., Souter, I., Calafat, A.M.,
Hauser, R., 2015. Associations between paternal urinary phthalate metabolite con-
centrations and reproductive outcomes among couples seeking fertility treatment.
Reprod. Toxicol. 58, 184–193.
Drake, A.J., van den Driesche, S., Scott, H.M., Hutchison, G.R., Seckl, J.R., Sharpe, R.M.,
2009. Glucocorticoids amplify dibutyl phthalate-induced disruption of testosterone
production and male reproductive development. Endocrinology 150, 5055–5064.
Du, J., Xiong, D., Zhang, Q., Li, X., Liu, X., You, H., Ding, S., Yang, X., Yuan, J., 2017.
Mono-butyl phthalate-induced mouse testis injury is associated with oxidative stress
and down-regulated expression of Sox9 and Dazl. J. Toxicol. Sci. 42, 319–328.
Durmaz, E., Ozmert, E.N., Erkekoglu, P., Giray, B., Derman, O., Hincal, F., Yurdakok, K.,
2010. Plasma phthalate levels in pubertal gynecomastia. Pediatrics 125, e122–129.
Ejaredar, M., Nyanza, E.C., Ten Eycke, K., Dewey, D., 2015. Phthalate exposure and
childrens neurodevelopment: a systematic review. Environ. Res. 142, 51–60.
El-Beshbishy, H.A., Mariah, R.A., Al-Azhary, N.M., Aly, H.A., Ozbak, H.A., Baghdadi,
H.H., 2014. Influence of lipoic acid on testicular toxicity induced by bi-n-butyl
phthalate in rats. Food Chem. Toxicol. : Int. J. Publ. Br. Ind. Biol. Res. Assoc. 71,
26–32.
EPA, U., 2012. Phthalates Action Plan.
Erdos, Z., Pearson, K., Goedken, M., Menzel, K., Sistare, F.D., Glaab, W.E., Saldutti, L.P.,
2013. Inhibin B response to testicular toxicants hexachlorophene, ethane dimethane
sulfonate, di-(n-butyl)-phthalate, nitrofurazone, DL-ethionine, 17-alpha ethinyles-
tradiol, 2,5-hexanedione, or carbendazim following short-term dosing in male rats.
Birth Defects Res. Part B Dev. Reproductive Toxicol. 98, 41–53.
Escher, B.I., Hackermuller, J., Polte, T., Scholz, S., Aigner, A., Altenburger, R., Bohme, A.,
Bopp, S.K., Brack, W., Busch, W., Chadeau-Hyam, M., Covaci, A., Eisentrager, A.,
Galligan, J.J., Garcia-Reyero, N., Hartung, T., Hein, M., Herberth, G., Jahnke, A.,
Kleinjans, J., Kluver, N., Krauss, M., Lamoree, M., Lehmann, I., Luckenbach, T.,
Miller, G.W., Muller, A., Phillips, D.H., Reemtsma, T., Rolle-Kampczyk, U.,
Schuurmann, G., Schwikowski, B., Tan, Y.M., Trump, S., Walter-Rohde, S.,
Wambaugh, J.F., 2017. From the exposome to mechanistic understanding of che-
mical-induced adverse effects. Environ. Int. 99, 97–106.
Euling, S.Y., White, L.D., Kim, A.S., Sen, B., Wilson, V.S., Keshava, C., Keshava, N., Hester,
S., Ovacik, M.A., Ierapetritou, M.G., Androulakis, I.P., Gaido, K.W., 2013. Use of
genomic data in risk assessment case study: II. Evaluation of the dibutyl phthalate
toxicogenomic data set. Toxicol. Appl. Pharmacol. 271, 349–362.
K.A. Baken, et al. Environmental Research 175 (2019) 235–256
251
Ferguson, K.K., McElrath, T.F., Ko, Y.A., Mukherjee, B., Meeker, J.D., 2014a. Variability
in urinary phthalate metabolite levels across pregnancy and sensitive windows of
exposure for the risk of preterm birth. Environ. Int. 70, 118–124.
Ferguson, K.K., McElrath, T.F., Meeker, J.D., 2014b. Environmental phthalate exposure
and preterm birth. JAMA Pediatr. 168, 61–67.
Ferguson, K.K., McElrath, T.F., Cantonwine, D.E., Mukherjee, B., Meeker, J.D., 2015.
Phthalate metabolites and bisphenol-A in association with circulating angiogenic
biomarkers across pregnancy. Placenta 36, 699–703.
Ferguson, K.K., Chen, Y.H., VanderWeele, T.J., McElrath, T.F., Meeker, J.D., Mukherjee,
B., 2017. Mediation of the relationship between maternal phthalate exposure and
preterm birth by oxidative stress with repeated measurements across pregnancy.
Environ. Health Perspect. 125, 488–494.
Frederiksen, H., Sorensen, K., Mouritsen, A., Aksglaede, L., Hagen, C.P., Petersen, J.H.,
Skakkebaek, N.E., Andersson, A.M., Juul, A., 2012. High urinary phthalate con-
centration associated with delayed pubarche in girls. Int. J. Androl. 35, 216–226.
Ganzleben, C., Antignac, J.P., Barouki, R., Castano, A., Fiddicke, U., Klanova, J., Lebret,
E., Olea, N., Sarigiannis, D., Schoeters, G.R., Sepai, O., Tolonen, H., Kolossa-Gehring,
M., 2017. Human biomonitoring as a tool to support chemicals regulation in the
European Union. Int. J. Hyg Environ. Health 220, 94–97.
Gao, X., Yourick, J.J., Sprando, R.L., 2014. Transcriptomic characterization of C57BL/6
mouse embryonic stem cell differentiation and its modulation by developmental
toxicants. PLoS One 9, e108510.
Gao, H.T., Xu, R., Cao, W.X., Qian, L.L., Wang, M., Lu, L., Xu, Q., Yu, S.Q., 2017. Effects of
six priority controlled phthalate esters with long-term low-dose integrated exposure
on male reproductive toxicity in rats. Food Chem. Toxicol. : Int. J. Publ. Br. Ind. Biol.
Res. Assoc. 101, 94–104.
Gervois, P., Torra Inés, P., Fruchart, J.-C., Staels, B., 2000. Regulation of Lipid and
Lipoprotein Metabolism by PPAR Activators. Clinical Chemistry and Laboratory
Medicine, pp. 3.
Ghisari, M., Bonefeld-Jorgensen, E.C., 2009. Effects of plasticizers and their mixtures on
estrogen receptor and thyroid hormone functions. Toxicol. Lett. 189, 67–77.
Giribabu, N., Reddy, P.S., 2017. Protection of male reproductive toxicity in rats exposed
to di-n-butyl phthalate during embryonic development by testosterone. Biomed.
Pharmacother. = Biomed. Pharmacotherapie 87, 355–365.
Giribabu, N., Sainath, S.B., Sreenivasula Reddy, P., 2014. Prenatal di-n-butyl phthalate
exposure alters reproductive functions at adulthood in male rats. Environ. Toxicol.
29, 534–544.
Guida, N., Laudati, G., Galgani, M., Santopaolo, M., Montuori, P., Triassi, M., Di Renzo,
G., Canzoniero, L.M., Formisano, L., 2014. Histone deacetylase 4 promotes ubiquitin-
dependent proteasomal degradation of Sp3 in SH-SY5Y cells treated with di(2-
ethylhexyl)phthalate (DEHP), determining neuronal death. Toxicol. Appl. Pharmacol.
280, 190–198.
Gulliver, L.S., 2017. Xenobiotics and the glucocorticoid receptor. Toxicol. Appl.
Pharmacol. 319, 69–79.
Guo, Y., Weck, J., Sundaram, R., Goldstone, A.E., Louis, G.B., Kannan, K., 2014. Urinary
concentrations of phthalates in couples planning pregnancy and its association with
8-hydroxy-2'-deoxyguanosine, a biomarker of oxidative stress: longitudinal in-
vestigation of fertility and the environment study. Environ. Sci. Technol. 48,
9804–9811.
Han, X., Cui, Z., Zhou, N., Ma, M., Li, L., Li, Y., Lin, H., Ao, L., Shu, W., Liu, J., Cao, J.,
2014. Urinary phthalate metabolites and male reproductive function parameters in
Chongqing general population, China. Int. J. Hyg Environ. Health 217, 271–278.
Hannas, B.R., Furr, J., Lambright, C.S., Wilson, V.S., Foster, P.M., Gray Jr., L.E., 2011a.
Dipentyl phthalate dosing during sexual differentiation disrupts fetal testis function
and postnatal development of the male Sprague-Dawley rat with greater relative
potency than other phthalates. Toxicol. Sci. : Off. J. Soc. Toxicol. 120, 184–193.
Hannas, B.R., Lambright, C.S., Furr, J., Howdeshell, K.L., Wilson, V.S., Gray Jr., L.E.,
2011b. Dose-response assessment of fetal testosterone production and gene expres-
sion levels in rat testes following in utero exposure to diethylhexyl phthalate, dii-
sobutyl phthalate, diisoheptyl phthalate, and diisononyl phthalate. Toxicol. Sci. : Off.
J. Soc. Toxicol. 123, 206–216.
Hannas, B.R., Lambright, C.S., Furr, J., Evans, N., Foster, P.M., Gray, E.L., Wilson, V.S.,
2012. Genomic biomarkers of phthalate-induced male reproductive developmental
toxicity: a targeted RT-PCR array approach for defining relative potency. Toxicol. Sci.
: Off. J. Soc. Toxicol. 125, 544–557.
Hannon, P.R., Flaws, J.A., 2015. The effects of phthalates on the ovary. Front. Endocrinol.
6, 8.
Hauser, R., Gaskins, A.J., Souter, I., Smith, K.W., Dodge, L.E., Ehrlich, S., Meeker, J.D.,
Calafat, A.M., Williams, P.L., 2016. Urinary phthalate metabolite concentrations and
reproductive outcomes among women undergoing in vitro fertilization: results from
the EARTH study. Environ. Health Perspect. 124, 831–839.
Heng, K., Anand-Ivell, R., Teerds, K., Ivell, R., 2012. The endocrine disruptors dibutyl
phthalate (DBP) and diethylstilbestrol (DES) influence Leydig cell regeneration fol-
lowing ethane dimethane sulphonate treatment of adult male rats. Int. J. Androl. 35,
353–363.
Hotchkiss, A.K., Rider, C.V., Furr, J., Howdeshell, K.L., Blystone, C.R., Wilson, V.S., Gray
Jr., L.E., 2010. In utero exposure to an AR antagonist plus an inhibitor of fetal tes-
tosterone synthesis induces cumulative effects on F1 male rats. Reprod. Toxicol. 30,
261–270.
Hou, J.W., Lin, C.L., Tsai, Y.A., Chang, C.H., Liao, K.W., Yu, C.J., Yang, W., Lee, M.J.,
Huang, P.C., Sun, C.W., Wang, Y.H., Lin, F.R., Wu, W.C., Lee, M.C., Pan, W.H., Chen,
B.H., Wu, M.T., Chen, C.C., Wang, S.L., Lee, C.C., Hsiung, C.A., Chen, M.L., 2015. The
effects of phthalate and nonylphenol exposure on body size and secondary sexual
characteristics during puberty. Int. J. Hyg Environ. Health 218, 603–615.
Howdeshell, K.L., Wilson, V.S., Furr, J., Lambright, C.R., Rider, C.V., Blystone, C.R.,
Hotchkiss, A.K., Gray Jr., L.E., 2008. A mixture of five phthalate esters inhibits fetal
testicular testosterone production in the sprague-dawley rat in a cumulative, dose-
additive manner. Toxicol. Sci. : Off. J. Soc. Toxicol. 105, 153–165.
Hu, J., Du, G., Zhang, W., Huang, H., Chen, D., Wu, D., Wang, X., 2013a. Short-term
neonatal/prepubertal exposure of dibutyl phthalate (DBP) advanced pubertal timing
and affected hypothalamic kisspeptin/GPR54 expression differently in female rats.
Toxicology 314, 65–75.
Hu, Y., Dong, C., Chen, M., Lu, J., Han, X., Qiu, L., Chen, Y., Qin, J., Li, X., Gu, A., Xia, Y.,
Sun, H., Li, Z., Wang, Y., 2013b. Low-dose monobutyl phthalate stimulates ster-
oidogenesis through steroidogenic acute regulatory protein regulated by SF-1, GATA-
4 and C/EBP-beta in mouse Leydig tumor cells. Reprod. Biol. Endocrinol. : RBE (Rev.
Bras. Entomol.) 11, 72.
Hu, Y., Li, D., Lu, Y., Han, X., 2013c. Monobutyl phthalate induces the expression change
of G-Protein-Coupled Receptor 30 in rat testicular Sertoli cells. Folia Histochem.
Cytobiol. 51, 18–24.
Hu, X., Zhao, Y., Chen, B., Liang, Y., Li, L., Xie, C., Zhang, Y., Lin, Z., Xie, A., Chen, S.,
2014a. [11beta-hydroxysteroid dehydrogenase type 2 enzyme activity effect after
exposures phthalate esters in maternal]. Zhonghua yu fang yi xue za zhi [Chin. J.
Preventive Med.] 48, 800–804.
Hu, Y., Wang, R., Xiang, Z., Qian, W., Han, X., Li, D., 2014b. Mixture effects of non-
ylphenol and di-n-butyl phthalate (monobutyl phthalate) on the tight junctions be-
tween Sertoli cells in male rats in vitro and in vivo. Exp. Toxicol. Pathol. : Off. J.
Gesellschaft fur Toxikologische Pathologie 66, 445–454.
Hu, Y., Dong, C., Chen, M., Chen, Y., Gu, A., Xia, Y., Sun, H., Li, Z., Wang, Y., 2015. Effects
of monobutyl phthalate on steroidogenesis through steroidogenic acute regulatory
protein regulated by transcription factors in mouse Leydig tumor cells. J. Endocrinol.
Investig. 38, 875–884.
Huang, P.C., Kuo, P.L., Chou, Y.Y., Lin, S.J., Lee, C.C., 2009. Association between prenatal
exposure to phthalates and the health of newborns. Environ. Int. 35, 14–20.
Huang, P.C., Tsai, E.M., Li, W.F., Liao, P.C., Chung, M.C., Wang, Y.H., Wang, S.L., 2010.
Association between phthalate exposure and glutathione S-transferase M1 poly-
morphism in adenomyosis, leiomyoma and endometriosis. Hum. Reprod. (Oxf.) 25,
986–994.
Huang, P.C., Li, W.F., Liao, P.C., Sun, C.W., Tsai, E.M., Wang, S.L., 2014. Risk for es-
trogen-dependent diseases in relation to phthalate exposure and polymorphisms of
CYP17A1 and estrogen receptor genes. Environ. Sci. Pollut. Res. Int. 21,
13964–13973.
Huang, P.C., Tsai, C.H., Liang, W.Y., Li, S.S., Huang, H.B., Kuo, P.L., 2016. Early
phthalates exposure in pregnant women is associated with alteration of thyroid
hormones. PLoS One 11, e0159398.
Huang, H.B., Pan, W.H., Chang, J.W., Chiang, H.C., Guo, Y.L., Jaakkola, J.J., Huang, P.C.,
2017. Does exposure to phthalates influence thyroid function and growth hormone
homeostasis? The Taiwan Environmental Survey for Toxicants (TEST) 2013. Environ.
Res. 153, 63–72.
Hunt, P.R., 2017. The C. elegans model in toxicity testing. J. Appl. Toxicol. : JAT 37,
50–59.
Hutchison, G.R., Scott, H.M., Walker, M., McKinnell, C., Ferrara, D., Mahood, I.K., Sharpe,
R.M., 2008a. Sertoli cell development and function in an animal model of testicular
dysgenesis syndrome. Biol. Reprod. 78, 352–360.
Hutchison, G.R., Sharpe, R.M., Mahood, I.K., Jobling, M., Walker, M., McKinnell, C.,
Mason, J.I., Scott, H.M., 2008b. The origins and time of appearance of focal testicular
dysgenesis in an animal model of testicular dysgenesis syndrome: evidence for de-
layed testis development? Int. J. Androl. 31, 103–111.
Ivell, R., Heng, K., Nicholson, H., Anand-Ivell, R., 2013. Brief maternal exposure of rats to
the xenobiotics dibutyl phthalate or diethylstilbestrol alters adult-type Leydig cell
development in male offspring. Asian J. Androl. 15, 261–268.
Janesick, A., Blumberg, B., 2011. Minireview: PPARγ as the target of obesogens. J. Steroid
Biochem. Mol. Biol. 127, 4–8.
Jensen, M.S., Anand-Ivell, R., Norgaard-Pedersen, B., Jonsson, B.A., Bonde, J.P.,
Hougaard, D.M., Cohen, A., Lindh, C.H., Ivell, R., Toft, G., 2015. Amniotic fluid
phthalate levels and male fetal gonad function. Epidemiology 26, 91–99.
Jiang, J.T., Sun, W.L., Jing, Y.F., Liu, S.B., Ma, Z., Hong, Y., Ma, L., Qin, C., Liu, Q.,
Stratton, H.J., Xia, S.J., 2011. Prenatal exposure to di-n-butyl phthalate induces an-
orectal malformations in male rat offspring. Toxicology 290, 322–326.
Jiang, J.T., Xu, H.L., Zhu, Y.P., Wood, K., Li, E.H., Sun, W.L., Yuan, Q., Xu, D.L., Liu, Z.H.,
Zhao, W., Xia, S.J., 2015. Reduced Fgf10/Fgfr2 and androgen receptor (AR) in an-
orectal malformations male rats induced by di-n-butyl phthalate (DBP): a study on
the local and systemic toxicology of DBP. Toxicology 338, 77–85.
Jiang, J.T., Zhong, C., Zhu, Y.P., Xu, D.L., Wood, K., Sun, W.L., Li, E.H., Liu, Z.H., Zhao,
W., Ruan, Y., Xia, S.J., 2016. Prenatal exposure to di-n-butyl phthalate (DBP) dif-
ferentially alters androgen cascade in undeformed versus hypospadiac male rat off-
spring. Reprod. Toxicol. 61, 75–81.
Jiang, X.P., Tang, J.Y., Xu, Z., Han, P., Qin, Z.Q., Yang, C.D., Wang, S.Q., Tang, M., Wang,
W., Qin, C., Xu, Y., Shen, B.X., Zhou, W.M., Zhang, W., 2017. Sulforaphane attenuates
di-N-butylphthalate-induced reproductive damage in pubertal mice: involvement of
the Nrf2-antioxidant system. Environ. Toxicol. 32, 1908–1917.
Joas, A., Schwedler, G., Choi, J., Kolossa-Gehring, M., 2017. Human biomonitoring:
science and policy for a healthy future, April 17-19, 2016, Berlin, Germany. Int. J.
Hyg Environ. Health 220, 299–304.
Joensen, U.N., Frederiksen, H., Blomberg Jensen, M., Lauritsen, M.P., Olesen, I.A., Lassen,
T.H., Andersson, A.M., Jorgensen, N., 2012. Phthalate excretion pattern and testi-
cular function: a study of 881 healthy Danish men. Environ. Health Perspect. 120,
1397–1403.
Johns, L.E., Ferguson, K.K., Soldin, O.P., Cantonwine, D.E., Rivera-Gonzalez, L.O., Del
Toro, L.V., Calafat, A.M., Ye, X., Alshawabkeh, A.N., Cordero, J.F., Meeker, J.D.,
2015. Urinary phthalate metabolites in relation to maternal serum thyroid and sex
hormone levels during pregnancy: a longitudinal analysis. Reprod. Biol. Endocrinol. :
K.A. Baken, et al. Environmental Research 175 (2019) 235–256
252
RBE (Rev. Bras. Entomol.) 13, 4.
Johnson, K.J., McCahan, S.M., Si, X., Campion, L., Herrmann, R., Barthold, J.S., 2008. The
orl rat with inherited cryptorchidism has increased susceptibility to the testicular
effects of in utero dibutyl phthalate exposure. Toxicol. Sci. : Off. J. Soc. Toxicol. 105,
360–367.
Johnson, K.J., McDowell, E.N., Viereck, M.P., Xia, J.Q., 2011. Species-specific dibutyl
phthalate fetal testis endocrine disruption correlates with inhibition of SREBP2-de-
pendent gene expression pathways. Toxicol. Sci. : Off. J. Soc. Toxicol. 120, 460–474.
Kalo, D., Roth, Z., 2017. Low level of mono(2-ethylhexyl) phthalate reduces oocyte de-
velopmental competence in association with impaired gene expression. Toxicology
377, 38–48.
Kalo, D., Hadas, R., Furman, O., Ben-Ari, J., Maor, Y., Patterson, D.G., Tomey, C., Roth, Z.,
2015. Carryover effects of acute DEHP exposure on ovarian function and oocyte
developmental competence in lactating cows. PLoS One 10, e0130896.
Kang, S., Tsai, L.T.Y., Rosen, E.D., 2016. Nuclear mechanisms of insulin resistance. Trends
Cell Biol. 26, 341–351.
Karaconji, I.B., Jurica, S.A., Lasic, D., Jurica, K., 2017. Facts about phthalate toxicity in
humans and their occurrence in alcoholic beverages. Arh. Hig. Rad. Toksikol. 68,
81–92.
KEGG, 2016. PPAR Signaling Pathway - Homo sapiens (Human) - Hsa03320.
Kilcoyne, K.R., Smith, L.B., Atanassova, N., Macpherson, S., McKinnell, C., van den
Driesche, S., Jobling, M.S., Chambers, T.J., De Gendt, K., Verhoeven, G., O'Hara, L.,
Platts, S., Renato de Franca, L., Lara, N.L., Anderson, R.A., Sharpe, R.M., 2014. Fetal
programming of adult Leydig cell function by androgenic effects on stem/progenitor
cells. Proc. Natl. Acad. Sci. U. S. A 111, E1924–E1932.
Kim, T.S., Jung, K.K., Kim, S.S., Kang, I.H., Baek, J.H., Nam, H.S., Hong, S.K., Lee, B.M.,
Hong, J.T., Oh, K.W., Kim, H.S., Han, S.Y., Kang, T.S., 2010a. Effects of in utero
exposure to DI(n-Butyl) phthalate on development of male reproductive tracts in
Sprague-Dawley rats. J. Toxicol. Environ. Health Part A 73, 1544–1559.
Kim, T.S., Yoon, C.Y., Jung, K.K., Kim, S.S., Kang, I.H., Baek, J.H., Jo, M.S., Kim, H.S.,
Kang, T.S., 2010b. In vitro study of Organization for Economic Co-operation and
Development (OECD) endocrine disruptor screening and testing methods- establish-
ment of a recombinant rat androgen receptor (rrAR) binding assay. J. Toxicol. Sci. 35,
239–243.
Kim, S.H., Cho, S., Ihm, H.J., Oh, Y.S., Heo, S.H., Chun, S., Im, H., Chae, H.D., Kim, C.H.,
Kang, B.M., 2015a. Possible role of phthalate in the pathogenesis of endometriosis: in
vitro, animal, and human data. J. Clin. Endocrinol. Metab. 100, E1502–E1511.
Kim, S.M., Yoo, J.A., Baek, J.M., Cho, K.H., 2015b. Diethyl phthalate exposure is asso-
ciated with embryonic toxicity, fatty liver changes, and hypolipidemia via impair-
ment of lipoprotein functions. Toxicol. Vitro : Int. J. Publ. Assoc. BIBRA 30, 383–393.
Kim, Y.A., Kho, Y., Chun, K.C., Koh, J.W., Park, J.W., Bunderson-Schelvan, M., Cho, Y.H.,
2016. Increased urinary phthalate levels in women with uterine leiomyoma: a case-
control study. Int. J. Environ. Res. Public Health 13.
Kolsek, K., Gobec, M., Mlinaric Rascan, I., Sollner Dolenc, M., 2014. Molecular docking
revealed potential disruptors of glucocorticoid receptor-dependent reporter gene
expression. Toxicol. Lett. 226, 132–139.
Kouidhi, S., Clerget-Froidevaux, M.S., 2018. Integrating thyroid hormone signaling in
hypothalamic control of metabolism: crosstalk between nuclear receptors. Int. J. Mol.
Sci. 19.
Kroese, E.D., Bosgra, S., Buist, H.E., Lewin, G., van der Linden, S.C., Man, H.Y., Piersma,
A.H., Rorije, E., Schulpen, S.H., Schwarz, M., Uibel, F., van Vugt-Lussenburg, B.M.,
Wolterbeek, A.P., van der Burg, B., 2015. Evaluation of an alternative in vitro test
battery for detecting reproductive toxicants in a grouping context. Reprod. Toxicol.
55, 11–19.
Kumar, N., Sharan, S., Srivastava, S., Roy, P., 2014. Assessment of estrogenic potential of
diethyl phthalate in female reproductive system involving both genomic and non-
genomic actions. Reprod. Toxicol. 49, 12–26.
Kumar, N., Srivastava, S., Roy, P., 2015. Impact of low molecular weight phthalates in
inducing reproductive malfunctions in male mice: special emphasis on Sertoli cell
functions. Gen. Comp. Endocrinol. 215, 36–50.
Kuo, F.C., Su, S.W., Wu, C.F., Huang, M.C., Shiea, J., Chen, B.H., Chen, Y.L., Wu, M.T.,
2015. Relationship of urinary phthalate metabolites with serum thyroid hormones in
pregnant women and their newborns: a prospective birth cohort in Taiwan. PLoS One
10, e0123884.
Kvandova, M., Majzunova, M., Dovinova, I., 2016. The role of PPARgamma in cardio-
vascular diseases. Physiol. Res. 65, S343–s363.
Kwack, S.J., Kim, K.B., Kim, H.S., Lee, B.M., 2009. Comparative toxicological evaluation
of phthalate diesters and metabolites in Sprague-Dawley male rats for risk assess-
ment. J. Toxicol. Environ. Health Part A 72, 1446–1454.
La Rocca, C., Tait, S., Guerranti, C., Busani, L., Ciardo, F., Bergamasco, B., Stecca, L.,
Perra, G., Mancini, F.R., Marci, R., Bordi, G., Caserta, D., Focardi, S., Moscarini, M.,
Mantovani, A., 2014. Exposure to endocrine disrupters and nuclear receptor gene
expression in infertile and fertile women from different Italian areas. Int. J. Environ.
Res. Public Health 11, 10146–10164.
Latini, G., Scoditti, E., Verrotti, A., De Felice, C., Massaro, M., 2008. Peroxisome pro-
liferator-activated receptors as mediators of phthalate-induced effects in the male and
female reproductive tract: epidemiological and experimental evidence. PPAR Res.
2008, 359267.
Leist, M., Ghallab, A., Graepel, R., Marchan, R., Hassan, R., Bennekou, S.H., Limonciel, A.,
Vinken, M., Schildknecht, S., Waldmann, T., Danen, E., van Ravenzwaay, B., Kamp,
H., Gardner, I., Godoy, P., Bois, F.Y., Braeuning, A., Reif, R., Oesch, F., Drasdo, D.,
Hohme, S., Schwarz, M., Hartung, T., Braunbeck, T., Beltman, J., Vrieling, H., Sanz,
F., Forsby, A., Gadaleta, D., Fisher, C., Kelm, J., Fluri, D., Ecker, G., Zdrazil, B.,
Terron, A., Jennings, P., van der Burg, B., Dooley, S., Meijer, A.H., Willighagen, E.,
Martens, M., Evelo, C., Mombelli, E., Taboureau, O., Mantovani, A., Hardy, B., Koch,
B., Escher, S., van Thriel, C., Cadenas, C., Kroese, D., van de Water, B., Hengstler,
J.G., 2017. Adverse outcome pathways: opportunities, limitations and open ques-
tions. Arch. Toxicol. 91, 3477–3505.
Li, S., Dai, J., Zhang, L., Zhang, J., Zhang, Z., Chen, B., 2011. An association of elevated
serum prolactin with phthalate exposure in adult men. Biomed. Environ. Sci. : BES
(Biomed. Environ. Sci.) 24, 31–39.
Li, E.H., Han, B.M., Sun, W.L., Liang, S.J., Xia, S.J., Jiang, J.T., 2014. Expression of Wnt5a
during development of anorectal malformations in a rat model of prenatal exposure
to di(n-butyl) phthalate. Toxicol. Mech. Methods 24, 455–460.
Li, L., Bu, T., Su, H., Chen, Z., Liang, Y., Zhang, G., Zhu, D., Shan, Y., Xu, R., Hu, Y., Li, J.,
Hu, G., Lian, Q., Ge, R.S., 2015a. Inutero exposure to diisononyl phthalate caused
testicular dysgenesis of rat fetal testis. Toxicol. Lett. 232, 466–474.
Li, N., Chen, X., Zhou, X., Zhang, W., Yuan, J., Feng, J., 2015b. The mechanism under-
lying dibutyl phthalate induced shortened anogenital distance and hypospadias in
rats. J. Pediatr. Surg. 50, 2078–2083.
Li, B., Xu, X., Zhu, Y., Cao, J., Zhang, Y., Huo, X., 2016a. Neonatal phthalate ester ex-
posure induced placental MTs, FATP1 and HFABP mRNA expression in two districts
of southeast China. Sci. Rep. 6, 21004.
Li, L., Chen, X., Hu, G., Wang, S., Xu, R., Zhu, Q., Li, X., Wang, M., Lian, Q.Q., Ge, R.S.,
2016b. Comparison of the effects of dibutyl and monobutyl phthalates on the ster-
oidogenesis of rat immature Leydig cells. BioMed Res. Int. 2016, 1376526.
Li, Y., Hu, Y., Dong, C., Lu, H., Zhang, C., Hu, Q., Li, S., Qin, H., Li, Z., Wang, Y., 2016c.
Vimentin-mediated steroidogenesis induced by phthalate esters: involvement of DNA
demethylation and nuclear factor kappaB. PLoS One 11, e0146138.
Li, X., Li, J., Zhang, Y., Zhou, Y., 2017. Di-n-butyl phthalate induced hypospadias relates
to autophagy in genital tubercle via the PI3K/Akt/mTOR pathway. J. Occup. Health
59, 8–16.
Liu, P.S., Tseng, F.W., Liu, J.H., 2009a. Comparative suppression of phthalate monoesters
and phthalate diesters on calcium signalling coupled to nicotinic acetylcholine re-
ceptors. J. Toxicol. Sci. 34, 255–263.
Liu, Y., Guan, Y., Yang, Z., Cai, Z., Mizuno, T., Tsuno, H., Zhu, W., Zhang, X., 2009b.
Toxicity of seven phthalate esters to embryonic development of the abalone Haliotis
diversicolor supertexta. Ecotoxicology 18, 293–303.
Liu, L., Bao, H., Liu, F., Zhang, J., Shen, H., 2012a. Phthalates exposure of Chinese re-
productive age couples and its effect on male semen quality, a primary study.
Environ. Int. 42, 78–83.
Liu, S.B., Ma, Z., Sun, W.L., Sun, X.W., Hong, Y., Ma, L., Qin, C., Stratton, H.J., Liu, Q.,
Jiang, J.T., 2012b. The role of androgen-induced growth factor (FGF8) on genital
tubercle development in a hypospadiac male rat model of prenatal exposure to di-n-
butyl phthalate. Toxicology 293, 53–58.
Liu, D., Shen, L., Tao, Y., Kuang, Y., Cai, L., Wang, D., He, M., Tong, X., Zhou, S., Sun, J.,
Shi, C., Wang, C., Wu, Y., 2015. Alterations in gene expression during sexual dif-
ferentiation in androgen receptor knockout mice induced by environmental endo-
crine disruptors. Int. J. Mol. Med. 35, 399–404.
Liu, Z.H., Li, E.H., Xu, D.L., Sun, W.L., Hong, Y., Zhao, W., Xia, S.J., Jiang, J.T., 2016.
Genetic research and structural dysplasia assessment of anorectal malformations in
neonatal male rats induced by di(n-butyl) phthalate. Environ. Toxicol. 31, 261–268.
Lovekamp-Swan, T., Davis, B.J., 2003. Mechanisms of phthalate ester toxicity in the fe-
male reproductive system. Environ. Health Perspect. 111, 139–145.
Lu, H., Zhang, C., Hu, Y., Qin, H., Gu, A., Li, Y., Zhang, L., Li, Z., Wang, Y., 2016. miRNA-
200c mediates mono-butyl phthalate-disrupted steroidogenesis by targeting vimentin
in Leydig tumor cells and murine adrenocortical tumor cells. Toxicol. Lett. 241,
95–102.
Lu, Y., Lin, M., Aitken, R.J., 2017. Exposure of Spermatozoa to Dibutyl Phthalate Induces
Abnormal Embryonic Development in a Marine Invertebrate Galeolaria Caespitosa
(Polychaeta: Serpulidae), vol. 191. Aquatic toxicology, Amsterdam, Netherlands, pp.
189–200.
Macleod, D.J., Sharpe, R.M., Welsh, M., Fisken, M., Scott, H.M., Hutchison, G.R., Drake,
A.J., van den Driesche, S., 2010. Androgen action in the masculinization program-
ming window and development of male reproductive organs. Int. J. Androl. 33,
279–287.
Mahaboob Basha, P., Radha, M.J., 2017. Gestational di-n-butyl phthalate exposure in-
duced developmental and teratogenic anomalies in rats: a multigenerational assess-
ment. Environ. Sci. Pollut. Res. Int. 24, 4537–4551.
Manikkam, M., Tracey, R., Guerrero-Bosagna, C., Skinner, M.K., 2013. Plastics derived
endocrine disruptors (BPA, DEHP and DBP) induce epigenetic transgenerational in-
heritance of obesity, reproductive disease and sperm epimutations. PLoS One 8,
e55387.
Mankidy, R., Wiseman, S., Ma, H., Giesy, J.P., 2013. Biological impact of phthalates.
Toxicol. Lett. 217, 50–58.
Manservisi, F., Gopalakrishnan, K., Tibaldi, E., Hysi, A., Iezzi, M., Lambertini, L.,
Teitelbaum, S., Chen, J., Belpoggi, F., 2015. Effect of maternal exposure to endocrine
disrupting chemicals on reproduction and mammary gland development in female
Sprague-Dawley rats. Reprod. Toxicol. 54, 110–119.
Maradonna, F., Carnevali, O., 2018. Lipid metabolism alteration by endocrine disruptors
in animal models: an overview. Front. Endocrinol. 9 654-654.
Maradonna, F., Evangelisti, M., Gioacchini, G., Migliarini, B., Olivotto, I., Carnevali, O.,
2013. Assay of vtg, ERs and PPARs as endpoint for the rapid in vitro screening of the
harmful effect of Di-(2-ethylhexyl)-phthalate (DEHP) and phthalic acid (PA) in zeb-
rafish primary hepatocyte cultures. Toxicol. Vitro : Int. J. Publ. Assoc. BIBRA 27,
84–91.
Mariana, M., Feiteiro, J., Verde, I., Cairrao, E., 2016. The effects of phthalates in the
cardiovascular and reproductive systems: a review. Environ. Int. 94, 758–776.
Martinez-Arguelles, D.B., Campioli, E., Culty, M., Zirkin, B.R., Papadopoulos, V., 2013.
Fetal origin of endocrine dysfunction in the adult: the phthalate model. J. Steroid
Biochem. Mol. Biol. 137, 5–17.
Martino-Andrade, A.J., Morais, R.N., Botelho, G.G., Muller, G., Grande, S.W., Carpentieri,
K.A. Baken, et al. Environmental Research 175 (2019) 235–256
253
G.B., Leao, G.M., Dalsenter, P.R., 2009. Coadministration of active phthalates results
in disruption of foetal testicular function in rats. Int. J. Androl. 32, 704–712.
Mathieu-Denoncourt, J., Wallace, S.J., de Solla, S.R., Langlois, V.S., 2015. Plasticizer
endocrine disruption: highlighting developmental and reproductive effects in mam-
mals and non-mammalian aquatic species. Gen. Comp. Endocrinol. 219, 74–88.
May, B., 2011. PPARA Activates Gene Expression. Reactome.
Meeker, J.D., Ferguson, K.K., 2011. Relationship between urinary phthalate and bi-
sphenol A concentrations and serum thyroid measures in U.S. adults and adolescents
from the National Health and Nutrition Examination Survey (NHANES) 2007-2008.
Environ. Health Perspect. 119, 1396–1402.
Meeker, J.D., Ferguson, K.K., 2014. Urinary phthalate metabolites are associated with
decreased serum testosterone in men, women, and children from NHANES 2011-
2012. J. Clin. Endocrinol. Metab. 99, 4346–4352.
Messerlian, C., Souter, I., Gaskins, A.J., Williams, P.L., Ford, J.B., Chiu, Y.H., Calafat,
A.M., Hauser, R., 2016a. Urinary phthalate metabolites and ovarian reserve among
women seeking infertility care. Hum. Reprod. (Oxf.) 31, 75–83.
Messerlian, C., Wylie, B.J., Minguez-Alarcon, L., Williams, P.L., Ford, J.B., Souter, I.C.,
Calafat, A.M., Hauser, R., 2016b. Urinary concentrations of phthalate metabolites
and pregnancy loss among women conceiving with medically assisted reproduction.
Epidemiology 27, 879–888.
Messerlian, C., Braun, J.M., Minguez-Alarcon, L., Williams, P.L., Ford, J.B., Mustieles, V.,
Calafat, A.M., Souter, I., Toth, T., Hauser, R., 2017. Paternal and maternal urinary
phthalate metabolite concentrations and birth weight of singletons conceived by
subfertile couples. Environ. Int. 107, 55–64.
Minguez-Alarcon, L., Gaskins, A.J., 2017. Female exposure to endocrine disrupting che-
micals and fecundity: a review. Curr. Opin. Obstet. Gynecol. 29, 202–211.
Minguez-Alarcon, L., Souter, I., Chiu, Y.H., Williams, P.L., Ford, J.B., Ye, X., Calafat, A.M.,
Hauser, R., 2016. Urinary concentrations of cyclohexane-1,2-dicarboxylic acid
monohydroxy isononyl ester, a metabolite of the non-phthalate plasticizer di(iso-
nonyl)cyclohexane-1,2-dicarboxylate (DINCH), and markers of ovarian response
among women attending a fertility center. Environ. Res. 151, 595–600.
Miranda, T.B., Voss, T.C., Sung, M.H., Baek, S., John, S., Hawkins, M., Grontved, L.,
Schiltz, R.L., Hager, G.L., 2013. Reprogramming the chromatin landscape: interplay
of the estrogen and glucocorticoid receptors at the genomic level. Cancer Res. 73,
5130–5139.
Mitchell, R.T., Childs, A.J., Anderson, R.A., van den Driesche, S., Saunders, P.T.,
McKinnell, C., Wallace, W.H., Kelnar, C.J., Sharpe, R.M., 2012. Do phthalates affect
steroidogenesis by the human fetal testis? Exposure of human fetal testis xenografts
to di-n-butyl phthalate. J. Clin. Endocrinol. Metab. 97, E341–E348.
Moody, S., Goh, H., Bielanowicz, A., Rippon, P., Loveland, K.L., Itman, C., 2013.
Prepubertal mouse testis growth and maturation and androgen production are
acutely sensitive to di-n-butyl phthalate. Endocrinology 154, 3460–3475.
Moral, R., Santucci-Pereira, J., Wang, R., Russo, I.H., Lamartiniere, C.A., Russo, J., 2011.
In utero exposure to butyl benzyl phthalate induces modifications in the morphology
and the gene expression profile of the mammary gland: an experimental study in rats.
Environ. Health : Glob. Access Sci. Sources 10, 5.
Morgenstern, R., Whyatt, R.M., Insel, B.J., Calafat, A.M., Liu, X., Rauh, V.A., Herbstman,
J., Bradwin, G., Factor-Litvak, P., 2017. Phthalates and thyroid function in preschool
age children: sex specific associations. Environ. Int. 106, 11–18.
Motohashi, M., Wempe, M.F., Mutou, T., Okayama, Y., Kansaku, N., Takahashi, H.,
Ikegami, M., Asari, M., Wakui, S., 2016a. In utero-exposed di(n-butyl) phthalate in-
duce dose dependent, age-related changes of morphology and testosterone-bio-
synthesis enzymes/associated proteins of Leydig cell mitochondria in rats. J. Toxicol.
Sci. 41, 195–206.
Motohashi, M., Wempe, M.F., Mutou, T., Takahashi, H., Kansaku, N., Ikegami, M.,
Inomata, T., Asari, M., Wakui, S., 2016b. Male rats exposed in utero to di(n-butyl)
phthalate: age-related changes in Leydig cell smooth endoplasmic reticulum and
testicular testosterone-biosynthesis enzymes/proteins. Reprod. Toxicol. 59, 139–146.
Mouritsen, A., Frederiksen, H., Sorensen, K., Aksglaede, L., Hagen, C., Skakkebaek, N.E.,
Main, K.M., Andersson, A.M., Juul, A., 2013. Urinary phthalates from 168 girls and
boys measured twice a year during a 5-year period: associations with adrenal an-
drogen levels and puberty. J. Clin. Endocrinol. Metab. 98, 3755–3764.
Mu, D., Gao, F., Fan, Z., Shen, H., Peng, H., Hu, J., 2015. Levels of phthalate metabolites
in urine of pregnant women and risk of clinical pregnancy loss. Environ. Sci. Technol.
49, 10651–10657.
Mustieles, V., Minguez-Alarcon, L., Christou, G., Ford, J.B., Dimitriadis, I., Hauser, R.,
Souter, I., Messerlian, C., 2019. Placental weight in relation to maternal and paternal
preconception and prenatal urinary phthalate metabolite concentrations among
subfertile couples. Environ. Res. 169, 272–279.
Nair, N., 2015. Dose-dependent short-term study of di-n-butyl phthalate on the testicular
antioxidant system of Wistar rats. Environ. Sci. Pollut. Res. Int. 22, 2196–2204.
NAS, 2017. National academies of sciences, engineering, and medicine. In: Using 21st
Century Science to Improve Risk-Related Evaluations. The National Academies Press
(US), Washington (DC).
Nassan, F.L., Coull, B.A., Skakkebaek, N.E., Andersson, A.M., Williams, M.A., Minguez-
Alarcon, L., Krawetz, S.A., Hall, J.E., Hait, E.J., Korzenik, J.R., Ford, J.B., Moss, A.C.,
Hauser, R., 2018. A crossover-crossback prospective study of dibutyl-phthalate ex-
posure from mesalamine medications and serum reproductive hormones in men.
Environ. Res. 160, 121–131.
NRC, 2008. National Research Council (US) Committee on the Health Risks of Phthalates.
Phthalates and Cumulative Risk Assessment: the Tasks Ahead. National Academies
Press (US), Washington (DC).
OECD, 2017. Revised Guidance Document on Developing and Assessing Adverse Outcome
Pathways. Series on Testing & Assessment No, pp. 184.
OECD, 2018. AOP-wiki at. https://aopwiki.org.
Olokpa, E., Moss, P.E., Stewart, L.V., 2017. Crosstalk between the androgen receptor and
PPAR gamma signaling pathways in the prostate. PPAR Res. 2017, 9456020.
Ovacik, M.A., Sen, B., Euling, S.Y., Gaido, K.W., Ierapetritou, M.G., Androulakis, I.P.,
2013. Pathway modeling of microarray data: a case study of pathway activity
changes in the testis following in utero exposure to dibutyl phthalate (DBP). Toxicol.
Appl. Pharmacol. 271, 386–394.
Pan, G., Hanaoka, T., Yu, L., Na, J., Yamano, Y., Hara, K., Ichiba, M., Nakadate, T., Kishi,
R., Wang, P., Yin, H., Zhang, S., Feng, Y., 2011. Associations between hazard indices
of di-n-butylphthalate and di-2-ethylhexylphthalate exposure and serum re-
productive hormone levels among occupationally exposed and unexposed Chinese
men. Int. J. Androl. 34, e397–406.
Pan, Y., Wang, X., Yeung, L.W.Y., Sheng, N., Cui, Q., Cui, R., Zhang, H., Dai, J., 2017.
Dietary exposure to di-isobutyl phthalate increases urinary 5-methyl-2'-deoxycytidine
level and affects reproductive function in adult male mice. J. Environ. Sci. (China) 61,
14–23.
Pant, N., Pant, A., Shukla, M., Mathur, N., Gupta, Y., Saxena, D., 2011. Environmental and
experimental exposure of phthalate esters: the toxicological consequence on human
sperm. Hum. Exp. Toxicol. 30, 507–514.
Pant, N., Kumar, G., Upadhyay, A.D., Patel, D.K., Gupta, Y.K., Chaturvedi, P.K., 2014.
Reproductive toxicity of lead, cadmium, and phthalate exposure in men. Environ. Sci.
Pollut. Res. Int. 21, 11066–11074.
Pathirana, I.N., Kawate, N., Tsuji, M., Takahashi, M., Hatoya, S., Inaba, T., Tamada, H.,
2011. In vitro effects of estradiol-17beta, monobutyl phthalate and mono-(2-ethyl-
hexyl) phthalate on the secretion of testosterone and insulin-like peptide 3 by in-
terstitial cells of scrotal and retained testes in dogs. Theriogenology 76, 1227–1233.
Pike, J.W., McDowell, E., McCahan, S.M., Johnson, K.J., 2014. Identification of gene
expression changes in postnatal rat foreskin after in utero anti-androgen exposure.
Reprod. Toxicol. 47, 42–50.
Plummer, S.M., Dan, D., Quinney, J., Hallmark, N., Phillips, R.D., Millar, M., Macpherson,
S., Elcombe, C.R., 2013. Identification of transcription factors and coactivators af-
fected by dibutylphthalate interactions in fetal rat testes. Toxicol. Sci. : Off. J. Soc.
Toxicol. 132, 443–457.
Polanska, K., Ligocka, D., Sobala, W., Hanke, W., 2016. Effect of environmental phthalate
exposure on pregnancy duration and birth outcomes. Int. J. Occup. Med. Environ.
Health 29, 683–697.
Prokkola, J.M., Katsiadaki, I., Sebire, M., Elphinstone-Davis, J., Pausio, S., Nikinmaa, M.,
Leder, E.H., 2016. Microarray analysis of di-n-butyl phthalate and 17alpha ethinyl-
oestradiol responses in three-spined stickleback testes reveals novel candidate genes
for endocrine disruption. Ecotoxicol. Environ. Saf. 124, 96–104.
Radke, E.G., Braun, J.M., Meeker, J.D., Cooper, G.S., 2018. Phthalate exposure and male
reproductive outcomes: a systematic review of the human epidemiological evidence.
Environ. Int. 121, 764–793.
Ray, B., D'Souza, A.S., Kumar, V., Pugazhandhi, B., D'Souza, M.R., Nayak, D., Sushma,
R.K., Shetty, P., Singh, H., Krishna, L., Bhat, K.M., Rao, A.C., Chakraborti, S., Kumar,
N., Saxena, A., 2012. Ovarian development in Wistar rat treated prenatally with
single dose diisobutyl phthalate. Bratisl. Lek. Listy 113, 577–582.
Rider, C.V., Furr, J., Wilson, V.S., Gray Jr., L.E., 2008. A mixture of seven antiandrogens
induces reproductive malformations in rats. Int. J. Androl. 31, 249–262.
Rider, C.V., Hartig, P.C., Cardon, M.C., Wilson, V.S., 2009. Comparison of chemical
binding to recombinant fathead minnow and human estrogen receptors alpha in
whole cell and cell-free binding assays. Environ. Toxicol. Chem. 28, 2175–2181.
Rider, C.V., Furr, J.R., Wilson, V.S., Gray Jr., L.E., 2010. Cumulative effects of in utero
administration of mixtures of reproductive toxicants that disrupt common target
tissues via diverse mechanisms of toxicity. Int. J. Androl. 33, 443–462.
Robinson, J.F., van Beelen, V.A., Verhoef, A., Renkens, M.F., Luijten, M., van Herwijnen,
M.H., Westerman, A., Pennings, J.L., Piersma, A.H., 2010. Embryotoxicant-specific
transcriptomic responses in rat postimplantation whole-embryo culture. Toxicol. Sci.
: Off. J. Soc. Toxicol. 118, 675–685.
Robinson, J.F., Verhoef, A., van Beelen, V.A., Pennings, J.L., Piersma, A.H., 2012. Dose-
response analysis of phthalate effects on gene expression in rat whole embryo culture.
Toxicol. Appl. Pharmacol. 264, 32–41.
Rodriguez-Sosa, J.R., Bondareva, A., Tang, L., Avelar, G.F., Coyle, K.M., Modelski, M.,
Alpaugh, W., Conley, A., Wynne-Edwards, K., Franca, L.R., Meyers, S., Dobrinski, I.,
2014. Phthalate esters affect maturation and function of primate testis tissue ecto-
pically grafted in mice. Mol. Cell. Endocrinol. 398, 89–100.
Rusyn, I., Kadiiska, M.B., Dikalova, A., Kono, H., Yin, M., Tsuchiya, K., Mason, R.P.,
Peters, J.M., Gonzalez, F.J., Segal, B.H., Holland, S.M., Thurman, R.G., 2001.
Phthalates rapidly increase production of reactive oxygen species in vivo: role of
Kupffer cells. Mol. Pharmacol. 59, 744–750.
Ryu, J.Y., Lee, E., Kim, T.H., Lee, Y.J., Lee, J., Lee, B.M., Kwack, S.J., Jung, K.K., Han,
S.Y., Kim, S.H., Kacew, S., Kim, H.S., 2008. Time-response effects of testicular gene
expression profiles in Sprague-Dawley male rats treated with di(n-butyl) phthalate. J.
Toxicol. Environ. Health Part A 71, 1542–1549.
Saffarini, C.M., Heger, N.E., Yamasaki, H., Liu, T., Hall, S.J., Boekelheide, K., 2012.
Induction and persistence of abnormal testicular germ cells following gestational
exposure to di-(n-butyl) phthalate in p53-null mice. J. Androl. 33, 505–513.
Saillenfait, A.M., Sabate, J.P., Gallissot, F., 2008. Diisobutyl phthalate impairs the an-
drogen-dependent reproductive development of the male rat. Reprod. Toxicol. 26,
107–115.
Saillenfait, A.M., Gallissot, F., Sabate, J.P., 2009a. Differential developmental toxicities of
di-n-hexyl phthalate and dicyclohexyl phthalate administered orally to rats. J. Appl.
Toxicol. : JAT 29, 510–521.
Saillenfait, A.M., Sabate, J.P., Gallissot, F., 2009b. Effects of in utero exposure to di-n-
hexyl phthalate on the reproductive development of the male rat. Reprod. Toxicol.
28, 468–476.
Saillenfait, A.M., Roudot, A.C., Gallissot, F., Sabate, J.P., 2011. Prenatal developmental
toxicity studies on di-n-heptyl and di-n-octyl phthalates in Sprague-Dawley rats.
K.A. Baken, et al. Environmental Research 175 (2019) 235–256
254
Reprod. Toxicol. 32, 268–276.
Saillenfait, A.M., Sabate, J.P., Robert, A., Cossec, B., Roudot, A.C., Denis, F., Burgart, M.,
2013a. Adverse effects of diisooctyl phthalate on the male rat reproductive devel-
opment following prenatal exposure. Reprod. Toxicol. 42, 192–202.
Saillenfait, A.M., Sabate, J.P., Robert, A., Rouiller-Fabre, V., Roudot, A.C., Moison, D.,
Denis, F., 2013b. Dose-dependent alterations in gene expression and testosterone
production in fetal rat testis after exposure to di-n-hexyl phthalate. J. Appl. Toxicol. :
JAT 33, 1027–1035.
Saillenfait, A.M., Ndiaye, D., Sabate, J.P., Denis, F., Antoine, G., Robert, A., Rouiller-
Fabre, V., Moison, D., 2016. Evaluation of the effects of deltamethrin on the fetal rat
testis. J. Appl. Toxicol. : JAT 36, 1505–1515.
Santangeli, S., Maradonna, F., Zanardini, M., Notarstefano, V., Gioacchini, G., Forner-
Piquer, I., Habibi, H., Carnevali, O., 2017. Effects of diisononyl phthalate on Danio
rerio reproduction. Environ. Pollut. 231, 1051–1062.
Sathyanarayana, S., Barrett, E., Butts, S., Wang, C., Swan, S.H., 2014. Phthalate exposure
and reproductive hormone concentrations in pregnancy. Reproduction 147, 401–409.
Scarano, W.R., Toledo, F.C., Guerra, M.T., Pinheiro, P.F., Domeniconi, R.F., Felisbino,
S.L., Campos, S.G., Taboga, S.R., Kempinas, W.G., 2010. Functional and morpholo-
gical reproductive aspects in male rats exposed to di-n-butyl phthalate (DBP) in utero
and during lactation. J. Toxicol. Environ. Health Part A 73, 972–984.
Schmitt, E.E., Vellers, H.L., Porter, W.W., Lightfoot, J.T., 2016. Environmental endocrine
disruptor affects voluntary physical activity in mice. Med. Sci. Sport. Exerc. 48,
1251–1258.
Scott, H.M., Hutchison, G.R., Jobling, M.S., McKinnell, C., Drake, A.J., Sharpe, R.M.,
2008. Relationship between androgen action in the "male programming window,"
fetal sertoli cell number, and adult testis size in the rat. Endocrinology 149,
5280–5287.
Sedha, S., Kumar, S., Shukla, S., 2015. Role of oxidative stress in male reproductive
dysfunctions with reference to phthalate compounds. Urol. J. 12, 2304–2316.
Sen, N., Liu, X., Craig, Z.R., 2015. Short term exposure to di-n-butyl phthalate (DBP)
disrupts ovarian function in young CD-1 mice. Reprod. Toxicol. 53, 15–22.
Sharpe, R.M., Skakkebaek, N.E., 2008. Testicular dysgenesis syndrome: mechanistic in-
sights and potential new downstream effects. Fertil. Steril. 89, e33–38.
Shen, O., Du, G., Sun, H., Wu, W., Jiang, Y., Song, L., Wang, X., 2009. Comparison of in
vitro hormone activities of selected phthalates using reporter gene assays. Toxicol.
Lett. 191, 9–14.
Shen, O., Wu, W., Du, G., Liu, R., Yu, L., Sun, H., Han, X., Jiang, Y., Shi, W., Hu, W., Song,
L., Xia, Y., Wang, S., Wang, X., 2011. Thyroid disruption by Di-n-butyl phthalate
(DBP) and mono-n-butyl phthalate (MBP) in Xenopus laevis. PLoS One 6, e19159.
Shen, H., Liao, K., Zhang, W., Wu, H., Shen, B., Xu, Z., 2013. Differential expression of
peroxiredoxin 6, annexin A5 and ubiquitin carboxyl-terminal hydrolase isozyme L1 in
testis of rat fetuses after maternal exposure to di-n-butyl phthalate. Reprod. Toxicol.
39, 76–84.
Shen, B., Wang, W., Ma, L., Wang, S., Ding, L., Chen, Z., Sao, Y., Shen, H., Wei, Z., Zhang,
W., 2014. RETRACTED: sulforaphane restores oxidative stress induced by di-N-bu-
tylphthalate in testicular Leydig cells with low basal reactive oxygen species levels.
Urology 84, 850–856.
Shen, B., Wang, W., Ding, L., Sao, Y., Huang, Y., Shen, Z., Zhuo, Y., Wei, Z., Zhang, W.,
2015. Nuclear factor erythroid 2-related factor 2 rescues the oxidative stress induced
by di-N-butylphthalate in testicular Leydig cells. Hum. Exp. Toxicol. 34, 145–152.
Shi, W., Zhang, F.X., Hu, G.J., Hao, Y.Q., Zhang, X.W., Liu, H.L., Wei, S., Wang, X.R.,
Giesy, J.P., Yu, H.X., 2012. Thyroid hormone disrupting activities associated with
phthalate esters in water sources from Yangtze River Delta. Environ. Int. 42,
117–123.
Shi, H., Cao, Y., Shen, Q., Zhao, Y., Zhang, Z., Zhang, Y., 2015. Association between
urinary phthalates and pubertal timing in Chinese adolescents. J. Epidemiol. 25,
574–582.
Shi, W., Deng, D., Wang, Y., Hu, G., Guo, J., Zhang, X., Wang, X., Giesy, J.P., Yu, H.,
Wang, Z., 2016. Causes of endocrine disrupting potencies in surface water in East
China. Chemosphere 144, 1435–1442.
Shirai, M., Wakui, S., Wempe, M.F., Mutou, T., Oyama, N., Motohashi, M., Takahashi, H.,
Kansaku, N., Asari, M., Hano, H., Endou, H., 2013. Male Sprague-Dawley rats ex-
posed to in utero di(n-butyl) phthalate: dose dependent and age-related morpholo-
gical changes in Leydig cell smooth endoplasmic reticulum. Toxicol. Pathol. 41,
984–991.
Shono, T., Taguchi, T., 2014. Short-time exposure to mono-n-butyl phthalate (MBP)-in-
duced oxidative stress associated with DNA damage and the atrophy of the testis in
pubertal rats. Environ. Sci. Pollut. Res. Int. 21, 3187–3190.
Singh, S., Li, S.S.-L., 2012. Epigenetic effects of environmental chemicals bisphenol A and
phthalates. Int. J. Mol. Sci. 13, 10143–10153.
Skorupskaite, K., George, J.T., Anderson, R.A., 2014. The kisspeptin-GnRH pathway in
human reproductive health and disease. Hum. Reprod. Update 20, 485–500.
Sohn, J., Kim, S., Koschorreck, J., Kho, Y., Choi, K., 2016. Alteration of sex hormone
levels and steroidogenic pathway by several low molecular weight phthalates and
their metabolites in male zebrafish (Danio rerio) and/or human adrenal cell (H295R)
line. J. Hazard Mater. 320, 45–54.
Solomon, O., Yousefi, P., Huen, K., Gunier, R.B., Escudero-Fung, M., Barcellos, L.F.,
Eskenazi, B., Holland, N., 2017. Prenatal phthalate exposure and altered patterns of
DNA methylation in cord blood. Environ. Mol. Mutagen. 58, 398–410.
Sonkar, R., Powell, C.A., Choudhury, M., 2016. Benzyl butyl phthalate induces epigenetic
stress to enhance adipogenesis in mesenchymal stem cells. Mol. Cell. Endocrinol. 431,
109–122.
Spade, D.J., Hall, S.J., Saffarini, C.M., Huse, S.M., McDonnell, E.V., Boekelheide, K., 2014.
Differential response to abiraterone acetate and di-n-butyl phthalate in an androgen-
sensitive human fetal testis xenograft bioassay. Toxicol. Sci. : Off. J. Soc. Toxicol.
138, 148–160.
Spade, D.J., Hall, S.J., Wilson, S., Boekelheide, K., 2015. Di-n-Butyl phthalate induces
multinucleated germ cells in the rat fetal testis through a nonproliferative me-
chanism. Biol. Reprod. 93, 110.
Specht, I.O., Bonde, J.P., Toft, G., Lindh, C.H., Jonsson, B.A., Jorgensen, K.T., 2015.
Serum phthalate levels and time to pregnancy in couples from Greenland, Poland and
Ukraine. PLoS One 10, e0120070.
Stojanoska, M.M., Milosevic, N., Milic, N., Abenavoli, L., 2017. The influence of phtha-
lates and bisphenol A on the obesity development and glucose metabolism disorders.
Endocrine 55, 666–681.
Struve, M.F., Gaido, K.W., Hensley, J.B., Lehmann, K.P., Ross, S.M., Sochaski, M.A.,
Willson, G.A., Dorman, D.C., 2009. Reproductive toxicity and pharmacokinetics of di-
n-butyl phthalate (DBP) following dietary exposure of pregnant rats. Birth Defects
Res. Part B Dev. Reproductive Toxicol. 86, 345–354.
Su, P.H., Chen, J.Y., Lin, C.Y., Chen, H.Y., Liao, P.C., Ying, T.H., Wang, S.L., 2014. Sex
steroid hormone levels and reproductive development of eight-year-old children
following in utero and environmental exposure to phthalates. PLoS One 9, e102788.
Su, P.H., Chang, C.K., Lin, C.Y., Chen, H.Y., Liao, P.C., Hsiung, C.A., Chiang, H.C., Wang,
S.L., 2015. Prenatal exposure to phthalate ester and pubertal development in a birth
cohort in central Taiwan: a 12-year follow-up study. Environ. Res. 136, 324–330.
Sun, G., Liu, K., 2017. Developmental Toxicity and Cardiac Effects of Butyl Benzyl
Phthalate in Zebrafish Embryos. Aquatic Toxicology. vol. 192. pp. 165–170
Amsterdam, Netherlands.
Sun, W.L., Zhu, Y.P., Ni, X.S., Jing, D.D., Yao, Y.T., Ding, W., Liu, Z.H., Ding, G.X., Jiang,
J.T., 2018. Potential involvement of Fgf10/Fgfr2 and androgen receptor (AR) in renal
fibrosis in adult male rat offspring subjected to prenatal exposure to di-n-butyl
phthalate (DBP). Toxicol. Lett. 282, 37–42.
Thurston, S.W., Mendiola, J., Bellamy, A.R., Levine, H., Wang, C., Sparks, A., Redmon,
J.B., Drobnis, E.Z., Swan, S.H., 2016. Phthalate exposure and semen quality in fertile
US men. Andrology 4, 632–638.
Tng, E.L., 2015. Kisspeptin signalling and its roles in humans. Singap. Med. J. 56,
649–656.
Tranfo, G., Caporossi, L., Paci, E., Aragona, C., Romanzi, D., De Carolis, C., De Rosa, M.,
Capanna, S., Papaleo, B., Pera, A., 2012. Urinary phthalate monoesters concentration
in couples with infertility problems. Toxicol. Lett. 213, 15–20.
Trevisan, C.M., Montagna, E., de Oliveira, R., Christofolini, D.M., Barbosa, C.P., Crandall,
K.A., Bianco, B., 2018. Kisspeptin/GPR54 system: what do we know about its role in
human reproduction? Cell. Physiol. Biochem. 49, 1259–1276.
Unal, S.G., Take, G., Erdogan, D., Goktas, G., Sahin, E., 2016. The effect of di-n-butyl
phthalate on testis and the potential protective effects of resveratrol. Toxicol. Ind.
Health 32, 777–790.
Upson, K., Sathyanarayana, S., De Roos, A.J., Thompson, M.L., Scholes, D., Dills, R., Holt,
V.L., 2013. Phthalates and risk of endometriosis. Environ. Res. 126, 91–97.
Vabre, P., Gatimel, N., Moreau, J., Gayrard, V., Picard-Hagen, N., Parinaud, J., Leandri,
R.D., 2017. Environmental pollutants, a possible etiology for premature ovarian in-
sufficiency: a narrative review of animal and human data. Environ. Health : Glob.
Access Sci. Sources 16, 37.
van den Driesche, S., Scott, H.M., MacLeod, D.J., Fisken, M., Walker, M., Sharpe, R.M.,
2011. Relative importance of prenatal and postnatal androgen action in determining
growth of the penis and anogenital distance in the rat before, during and after
puberty. Int. J. Androl. 34, e578–586.
van den Driesche, S., Kolovos, P., Platts, S., Drake, A.J., Sharpe, R.M., 2012a. Inter-re-
lationship between testicular dysgenesis and Leydig cell function in the masculini-
zation programming window in the rat. PLoS One 7, e30111.
van den Driesche, S., Walker, M., McKinnell, C., Scott, H.M., Eddie, S.L., Mitchell, R.T.,
Seckl, J.R., Drake, A.J., Smith, L.B., Anderson, R.A., Sharpe, R.M., 2012b. Proposed
role for COUP-TFII in regulating fetal Leydig cell steroidogenesis, perturbation of
which leads to masculinization disorders in rodents. PLoS One 7, e37064.
van den Driesche, S., McKinnell, C., Calarrao, A., Kennedy, L., Hutchison, G.R.,
Hrabalkova, L., Jobling, M.S., Macpherson, S., Anderson, R.A., Sharpe, R.M.,
Mitchell, R.T., 2015. Comparative effects of di(n-butyl) phthalate exposure on fetal
germ cell development in the rat and in human fetal testis xenografts. Environ. Health
Perspect. 123, 223–230.
van den Driesche, S., Kilcoyne, K.R., Wagner, I., Rebourcet, D., Boyle, A., Mitchell, R.,
McKinnell, C., Macpherson, S., Donat, R., Shukla, C.J., Jorgensen, A., Meyts, E.R.,
Skakkebaek, N.E., Sharpe, R.M., 2017. Experimentally induced testicular dysgenesis
syndrome originates in the masculinization programming window. JCI Insight 2,
e91204.
Vineis, P., van Veldhoven, K., Chadeau-Hyam, M., Athersuch, T.J., 2013. Advancing the
application of omics-based biomarkers in environmental epidemiology. Environ. Mol.
Mutagen. 54, 461–467.
Vinken, M., Knapen, D., Vergauwen, L., Hengstler, J.G., Angrish, M., Whelan, M., 2017.
Adverse outcome pathways: a concise introduction for toxicologists. Arch. Toxicol.
91, 3697–3707.
Wakui, S., Takahashi, H., Mutou, T., Shirai, M., Jutabha, P., Anzai, N., Wempe, M.F.,
Kansaku, N., Hano, H., Inomata, T., Endou, H., 2013. Atypical Leydig cell hyperplasia
in adult rats with low T and high LH induced by prenatal Di(n-butyl) phthalate ex-
posure. Toxicol. Pathol. 41, 480–486.
Wakui, S., Shirai, M., Motohashi, M., Mutou, T., Oyama, N., Wempe, M.F., Takahashi, H.,
Inomata, T., Ikegami, M., Endou, H., Asari, M., 2014. Effects of in utero exposure to di
(n-butyl) phthalate for estrogen receptors alpha, beta, and androgen receptor of
Leydig cell on rats. Toxicol. Pathol. 42, 877–887.
Wang, S.W., Wang, S.S., Wu, D.C., Lin, Y.C., Ku, C.C., Wu, C.C., Chai, C.Y., Lee, J.N., Tsai,
E.M., Lin, C.L., Yang, R.C., Ko, Y.C., Yu, H.S., Huo, C., Chuu, C.P., Murayama, Y.,
Nakamura, Y., Hashimoto, S., Matsushima, K., Jin, C., Eckner, R., Lin, C.S., Saito, S.,
Yokoyama, K.K., 2013. Androgen receptor-mediated apoptosis in bovine testicular
induced pluripotent stem cells in response to phthalate esters. Cell Death Dis. 4, e907.
K.A. Baken, et al. Environmental Research 175 (2019) 235–256
255
Wang, Y.X., You, L., Zeng, Q., Sun, Y., Huang, Y.H., Wang, C., Wang, P., Cao, W.C., Yang,
P., Li, Y.F., Lu, W.Q., 2015. Phthalate exposure and human semen quality: results
from an infertility clinic in China. Environ. Res. 142, 1–9.
Wang, X.J., Xiong, G.P., Luo, X.M., Huang, S.Z., Liu, J., Huang, X.L., Xie, Y.Z., Lin, W.P.,
2016a. Dibutyl phthalate inhibits the effects of follicle-stimulating hormone on rat
granulosa cells through down-regulation of follicle-stimulating hormone receptor.
Biol. Reprod. 94, 144.
Wang, Y.X., Zeng, Q., Sun, Y., Yang, P., Wang, P., Li, J., Huang, Z., You, L., Huang, Y.H.,
Wang, C., Li, Y.F., Lu, W.Q., 2016b. Semen phthalate metabolites, semen quality
parameters and serum reproductive hormones: a cross-sectional study in China.
Environ. Pollut. 211, 173–182.
Wang, H., Wang, J., Zhang, J., Jin, S., Li, H., 2017a. Role of PI3K/AKT/mTOR signaling
pathway in DBP-induced apoptosis of testicular sertoli cells in vitro. Environ. Toxicol.
Pharmacol. 53, 145–150.
Wang, X., Sheng, N., Cui, R., Zhang, H., Wang, J., Dai, J., 2017b. Gestational and lac-
tational exposure to di-isobutyl phthalate via diet in maternal mice decreases tes-
tosterone levels in male offspring. Chemosphere 172, 260–267.
Watkins, D.J., Tellez-Rojo, M.M., Ferguson, K.K., Lee, J.M., Solano-Gonzalez, M., Blank-
Goldenberg, C., Peterson, K.E., Meeker, J.D., 2014. In utero and peripubertal ex-
posure to phthalates and BPA in relation to female sexual maturation. Environ. Res.
134, 233–241.
Watkins, D.J., Sanchez, B.N., Tellez-Rojo, M.M., Lee, J.M., Mercado-Garcia, A., Blank-
Goldenberg, C., Peterson, K.E., Meeker, J.D., 2017. Phthalate and bisphenol A ex-
posure during in utero windows of susceptibility in relation to reproductive hormones
and pubertal development in girls. Environ. Res. 159, 143–151.
Weinhouse, C., Truong, L., Meyer, J.N., Allard, P., 2018. Caenorhabditis elegans as an
emerging model system in environmental epigenetics. Environ. Mol. Mutagen. 59,
560–575.
Wen, H.J., Sie, L., Su, P.H., Chuang, C.J., Chen, H.Y., Sun, C.W., Huang, L.H., Hsiung,
C.A., Julie Wang, S.L., 2017. Prenatal and childhood exposure to phthalate diesters
and sex steroid hormones in 2-, 5-, 8-, and 11-year-old children: a pilot study of the
Taiwan Maternal and Infant Cohort Study. J. Epidemiol. 27, 516–523.
Weng, T.I., Chen, M.H., Lien, G.W., Chen, P.S., Lin, J.C., Fang, C.C., Chen, P.C., 2017.
Effects of gender on the association of urinary phthalate metabolites with thyroid
hormones in children: a prospective cohort study in taiwan. Int. J. Environ. Res.
Public Health 14.
Wirth, J.J., Rossano, M.G., Potter, R., Puscheck, E., Daly, D.C., Paneth, N., Krawetz, S.A.,
Protas, B.M., Diamond, M.P., 2008. A pilot study associating urinary concentrations
of phthalate metabolites and semen quality. Syst. Biol. Reprod. Med. 54, 143–154.
Wolfe, A., Hussain, M.A., 2018. The emerging role(s) for kisspeptin in metabolism in
mammals. Front. Endocrinol. 9.
Wolff, M.S., Teitelbaum, S.L., McGovern, K., Windham, G.C., Pinney, S.M., Galvez, M.,
Calafat, A.M., Kushi, L.H., Biro, F.M., 2014. Phthalate exposure and pubertal devel-
opment in a longitudinal study of US girls. Hum. Reprod. (Oxf.) 29, 1558–1566.
Wu, M.T., Wu, C.F., Chen, B.H., Chen, E.K., Chen, Y.L., Shiea, J., Lee, W.T., Chao, M.C.,
Wu, J.R., 2013. Intake of phthalate-tainted foods alters thyroid functions in
Taiwanese children. PLoS One 8, e55005.
Wu, H., Olmsted, A., Cantonwine, D.E., Shahsavari, S., Rahil, T., Sites, C., Pilsner, J.R.,
2017. Urinary phthalate and phthalate alternative metabolites and isoprostane
among couples undergoing fertility treatment. Environ. Res. 153, 1–7.
Xiao-feng, Z., Nai-qiang, Q., Jing, Z., Zi, L., Yang, Z., 2009. Di (n-butyl) phthalate inhibits
testosterone synthesis through a glucocorticoid-mediated pathway in rats. Int. J.
Toxicol. 28, 448–456.
Xie, Z., Wang, J., Dai, F., Jin, X., Wu, K., Chen, Q., Wang, Y., 2016. Effects of maternal
exposure to di-n-butyl phthalate during pregnancy and breastfeeding on ovarian
development and function of F1 female rats. Environ. Toxicol. Pharmacol. 43, 38–43.
Xu, C., Chen, J.A., Qiu, Z., Zhao, Q., Luo, J., Yang, L., Zeng, H., Huang, Y., Zhang, L., Cao,
J., Shu, W., 2010. Ovotoxicity and PPAR-mediated aromatase downregulation in
female Sprague-Dawley rats following combined oral exposure to benzo[a]pyrene
and di-(2-ethylhexyl) phthalate. Toxicol. Lett. 199, 323–332.
Xu, N., Chen, P., Liu, L., Zeng, Y., Zhou, H., Li, S., 2014. Effects of combined exposure to
17alpha-ethynylestradiol and dibutyl phthalate on the growth and reproduction of
adult male zebrafish (Danio rerio). Ecotoxicol. Environ. Saf. 107, 61–70.
Xu, R.A., Mao, B., Li, S., Liu, J., Li, X., Li, H., Su, Y., Hu, G., Lian, Q.Q., Ge, R.S., 2016.
Structure-activity relationships of phthalates in inhibition of human placental 3beta-
hydroxysteroid dehydrogenase 1 and aromatase. Reprod. Toxicol. 61, 151–161.
Yamasaki, K., Okuda, H., Takeuchi, T., Minobe, Y., 2009. Effects of in utero through
lactational exposure to dicyclohexyl phthalate and p,p'-DDE in Sprague-Dawley rats.
Toxicol. Lett. 189, 14–20.
Yang, P., Gong, Y.J., Wang, Y.X., Liang, X.X., Liu, Q., Liu, C., Chen, Y.J., Sun, L., Lu, W.Q.,
Zeng, Q., 2017. Effect modification by apoptosis-related gene polymorphisms on the
associations of phthalate exposure with spermatozoa apoptosis and semen quality.
Environ. Pollut. 231, 694–702.
Yao, H.Y., Han, Y., Gao, H., Huang, K., Ge, X., Xu, Y.Y., Xu, Y.Q., Jin, Z.X., Sheng, J., Yan,
S.Q., Zhu, P., Hao, J.H., Tao, F.B., 2016. Maternal phthalate exposure during the first
trimester and serum thyroid hormones in pregnant women and their newborns.
Chemosphere 157, 42–48.
Yi, H., Gu, H., Zhou, T., Chen, Y., Wang, G., Jin, Y., Yuan, W., Zhao, H., Zhang, L., 2016. A
pilot study on association between phthalate exposure and missed miscarriage. Eur.
Rev. Med. Pharmacol. Sci. 20, 1894–1902.
Yuan, K., Zhao, B., Li, X.W., Hu, G.X., Su, Y., Chu, Y., Akingbemi, B.T., Lian, Q.Q., Ge,
R.S., 2012. Effects of phthalates on 3beta-hydroxysteroid dehydrogenase and 17beta-
hydroxysteroid dehydrogenase 3 activities in human and rat testes. Chem. Biol.
Interact. 195, 180–188.
Zhang, Y.H., Lin, L., Liu, Z.W., Jiang, X.Z., Chen, B.H., 2008. Disruption effects of
monophthalate exposures on inter-Sertoli tight junction in a two-compartment cul-
ture model. Environ. Toxicol. 23, 302–308.
Zhang, X.F., Zheng, J., Li, Z., Zhang, Y., 2009. [Glucocorticoid pathway mediated the
inhibition of testosterone in rats exposed to dibutyl phthalate]. Zhonghua yu fang yi
xue za zhi [Chin. J. Preventive Med.] 43, 710–713.
Zhang, L.F., Qin, C., Wei, Y.F., Wang, Y., Chang, J.K., Mi, Y.Y., Ma, L., Jiang, J.T., Feng,
N.H., Wang, Z.J., Zhang, W., 2011. Differential expression of the Wnt/beta-catenin
pathway in the genital tubercle (GT) of fetal male rat following maternal exposure to
di-n-butyl phthalate (DBP). Syst. Biol. Reprod. Med. 57, 244–250.
Zhang, G., Ling, X., Liu, K., Wang, Z., Zou, P., Gao, J., Cao, J., Ao, L., 2016a. The p-
eIF2alpha/ATF4 pathway links endoplasmic reticulum stress to autophagy following
the production of reactive oxygen species in mouse spermatocyte-derived cells ex-
posed to dibutyl phthalate. Free Radic. Res. 50, 698–707.
Zhang, G., Liu, K., Ling, X., Wang, Z., Zou, P., Wang, X., Gao, J., Yin, L., Zhang, X., Liu, J.,
Ao, L., Cao, J., 2016b. DBP-induced endoplasmic reticulum stress in male germ cells
causes autophagy, which has a cytoprotective role against apoptosis in vitro and in
vivo. Toxicol. Lett. 245, 86–98.
Zhao, B., Chu, Y., Huang, Y., Hardy, D.O., Lin, S., Ge, R.S., 2010. Structure-dependent
inhibition of human and rat 11beta-hydroxysteroid dehydrogenase 2 activities by
phthalates. Chem. Biol. Interact. 183, 79–84.
Zhao, Y., Chen, L., Li, L.X., Xie, C.M., Li, D., Shi, H.J., Zhang, Y.H., 2014. Gender-specific
relationship between prenatal exposure to phthalates and intrauterine growth re-
striction. Pediatr. Res. 76, 401–408.
Zheng, S.J., Tian, H.J., Cao, J., Gao, Y.Q., 2010. Exposure to di(n-butyl)phthalate and
benzo(a)pyrene alters IL-1beta secretion and subset expression of testicular macro-
phages, resulting in decreased testosterone production in rats. Toxicol. Appl.
Pharmacol. 248, 28–37.
Zheng, X., Su, M., Pei, L., Zhang, T., Ma, X., Qiu, Y., Xia, H., Wang, F., Zheng, X., Gu, X.,
Song, X., Li, X., Qi, X., Chen, G., Bao, Y., Chen, T., Chi, Y., Zhao, A., Jia, W., 2011.
Metabolic signature of pregnant women with neural tube defects in offspring. J.
Proteome Res. 10, 4845–4854.
Zhou, D., Wang, H., Zhang, J., Gao, X., Zhao, W., Zheng, Y., 2010. Di-n-butyl phthalate
(DBP) exposure induces oxidative damage in testes of adult rats. Syst. Biol. Reprod.
Med. 56, 413–419.
Zhou, D., Wang, H., Zhang, J., 2011a. Di-n-butyl phthalate (DBP) exposure induces oxi-
dative stress in epididymis of adult rats. Toxicol. Ind. Health 27, 65–71.
Zhou, J., Zhu, X.S., Cai, Z.H., 2011b. Influences of DMP on the fertilization process and
subsequent embryogenesis of abalone (Haliotis diversicolor supertexta) by gametes
exposure. PLoS One 6, e25951.
Zhou, C., Gao, L., Flaws, J.A., 2017a. Exposure to an environmentally relevant phthalate
mixture causes transgenerational effects on female reproduction in mice.
Endocrinology 158, 1739–1754.
Zhou, C., Gao, L., Flaws, J.A., 2017b. Prenatal exposure to an environmentally relevant
phthalate mixture disrupts reproduction in F1 female mice. Toxicol. Appl. Pharmacol.
318, 49–57.
Zhu, Y.J., Jiang, J.T., Ma, L., Zhang, J., Hong, Y., Liao, K., Liu, Q., Liu, G.H., 2009.
Molecular and toxicologic research in newborn hypospadiac male rats following in
utero exposure to di-n-butyl phthalate (DBP). Toxicology 260, 120–125.
Zhu, X.B., Tay, T.W., Andriana, B.B., Alam, M.S., Choi, E.K., Tsunekawa, N., Kanai, Y.,
Kurohmaru, M., 2010. Effects of di-iso-butyl phthalate on testes of prepubertal rats
and mice. Okajimas Folia Anat. Jpn. 86, 129–136.
Zhu, Y.P., Li, E.H., Sun, W.L., Xu, D.L., Liu, Z.H., Zhao, W., Wood, K., Xia, S.J., Jiang, J.T.,
2016. Maternal exposure to di-n-butyl phthalate (DBP) induces combined anorectal
and urogenital malformations in male rat offspring. Reprod. Toxicol. 61, 169–176.
K.A. Baken, et al. Environmental Research 175 (2019) 235–256
256
